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SUMMARY

At the present time, detectionl of njolnmetallic ull~(Im milles. of b)oth the .antipersonnel
andi antivehicular varieties, is anl imnportant teeP itologjcal problem facing tite, UJ.S. Artiy.
Because of the goreat differences found( aniotig nionimetallic milties produed~ throughout
the world (inicludling a hlost of fiedld-expedient devices recently employed inl Southeast
Asia), and becaum, of the wide varhition inl soil types and conditions found inl even a

S lihmited theater of operations, idientification of a unique minec signature has proven to he
a most difficult task. Perhaps the(. only attribu~te which all nonimetallic, mines may be[saidl to possess ill Common is anl explosive charge. A (leteetiOlk technique thlat selnss this
charge is, therefore, to b~e considecred quite desirable.

Since tile interaction of ionizing radiation within a solidl medium (depends, ot the
elemental and isotopic. composition of that niediurn, the potenitial of nuclear re..carehi
inl Wie area of iimine. detection was recognizedl soon after the( dawn of the niudcar era.

At presentt, thic known types of ionizing ra(Iiation which are available from either
isotopic. sources or machines of reasonable size are cx 71~, ' X, and ticutronii. Oif these,I
only' -y, X, and~ neutroni radiation are unchlargedl andt may, therefore., penetrate appreciable

dlistances into) a solid nmedium (onl the ordler of' inchecs at available energies).

Although miiine-detection 'echniq uics inivolving both neutrons and~ ganminta andl X
photons have bmeen investigatedl extensively over tite past several years, tite scope of this
rep)ort is linmiiited to gamma- and X-ray backseat ter tmnethio(s.,

Btecause. of the( rather circuitouis and vvoiit iomiary developmenet of thle phloton -

Ibackscit ter mine-(Ietection programi, we have chosen toi presenmt the results, not iii the
Uistial -( )nologieal order, but inl a form which call bie understood most easily. As a
result, we sometimes have found it necessary to p)resenit conclucions prior to recounting
the( detailed work w hichi led to them. It also should be noted tlii t, v.; of Lhe tictime of
wri tinig, effort oni le tit(!emkscatter miiie-detection ap)proach lhas bez'mi termninate~d,i mi~lte,
belief t hat the limi tat ions of' t his appilroach out weigh its capabilities when viewed fromn a
practical mi lit ary stand(Ipoinmt. As a resuilt, some. questions have remained mnresolveol
Nevertbholess, we believe that Othis report, inot only present s a thorouigh account of the
mine-detcetion research effort, but also offhers new insights into the( piot oil-backscatter

proce~ss itself. (Shortly bcf ore puhibicatiomi of titis report, we learnedl that all Israeli re -
port has beeni writteii inolept-i dent ly (it thle sanie topic. 2 )

A i account of nionmetualici landuuimm, (l4tectioti researchi noinVO14 the~ utiiza~t ion of uciltrons may be foulid jii

kV A. (oh'eman. i.0C. C iuavfi, o and i .i. M, I eynoids, Nisclear Ale tit ods of 41 itse ))iect'lona Vol. I Ii, F inal It eport,
contract i)AAK02-73.C.Ol :19 (%IRV 197,4), Al) 919475L.

2K, 'reksa and It. i vant , "Im-"ct Cion Of PlaliiC IcNMi)V by iu,,tta Ray Ila Akscat tering" Iýtrimu. bradl N uchmir Sov.

I, 30 19731).
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Sectio n I (Ihteriactii io)l X and (G;amma Radialion with Matteir) is e.mentially a
re vie' )f bas.Eici C pro••s','s whicl hav•c hIec'i uhiderstEood for somei time by workers in the l
tie'lE. As\ such , it shmiuild I' bv oil iterest it) readers who are unfamiliar with the nature of

IhIiese initeraction)s and who aErt, initerestedl in the fundamnentals upon which backscatte_
111il14, J " .e c t'io lil is lb a ,-1' . /

Sec 'li 1 II (The' ll',kscatiter Spectrum) presents in somei' dieta•i the dcpv1 v pen , f "
tlih backscatitr spectrunm (ion vanrious paraumetlers anid, tiherefore, should be of particu. *t.;

iiiiteres, hI ili~tividuilL]s iinilve)I iii inutlear-gauge (it sign. (,bc c iolin lurts(31i ted in

tliis section rest in part on Itlie work discuss••d in so-ctioni IIIll andl on thlie basic. i:..-ry in
,•,'1 liin l,

Sect ion III (listory) is a chironiological actonil of d(evelopmient al efforts t'r.rn 1968
IhrE u;, h 1 9 73. Sect io ni IV (ID),livered Illardwaliv) briefly dlescribes the end i temis ti ;Iivter(ed
to I MEAM• i;lIl)( de linler this prograiml bEy its contractors and, in 'n uinclassified context,Ilitctise thl capabilities anlil Iiniititiiinos of ,ach.

iv
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THEORY AND APPIJCATION OF X-RAY AND GAMMA-RAY

BACKSCATTER TO LANI)MINE DETECTION

1. INTERACTION OF X AND GAMMA RAI)IATION WITlH MATTER

1. General. Both gamma and X radiation consist of photonts (quanta of clectro-
magnetic energy) which may be characterized by a wavelength *X or an energy L. The

[ factors X and E are related by X 5 12.4/t, where X is in angstroms (1 A= 10-s cm) and
E is in kiloelectron volts (keV). For purposes of the present discussion, gamma- and
X-ray photons of a given energy may be said to react identically with matter; they
differ only in their method of production. 3 CGa-nma photons arc emitted by nuclei
undergoing a transition from a higher to a lower energy state; X-ray photons arc emitted

either by electrons undergoing a transition from one atomic energy level to another or
by high-energy electrons being slowed down by coulombic interactions (predominantly
with nuclei) in a material medium. This secold type of X-ray photon is the most prev-
alent one produced by X-ray generators and otten is referred to as bremsstrahlung, or
"braking radiation." For cnvewicncc, then, the term "photon" will be used to denote
a quantum of either X or gamma radiation unless one or the other is specifically intended.

Wi-Mi a photon impinges on a region containing matter, there are three main
interactions which may occur: photoelectric absorption, pair production, and Compton
scattering. The relative probabilities of occurrence of these processes depend on the
energy of the photon and the atomic number (Z) of the medium. Figure 1 shows the
conditions under which each of these effects is dominani.4 The two lines separating the
regions of dominance denote the conditions of equal probability. (Photonuclear reac.
tions and Rayleigh scattering will not be considered in this report, since the dhreshold
for the former, for all stable isotopes except the very lightest ones, is - 8 McV, and since
the latter is of importance only for photons (of energies too low to be of interest.)

2. Pair Production. Pair production is the creation of an electron/positron pair
by the conversion of photon energy to matter, usually in the neighborhood of the ,ucleus.
Because the electron and positron rest masses are each equal to 0.511 MeV/c 2 , the mini-
mum photon energy required for this process is 1.022 McV. Incident photon energy in
excess of 1.022 MeV appears as kinetic energy of the electron and positron, and, to a
negligible extent, of tie nucleus. The atomic cross section for pair production (,ic) in-
creases with atomic number squared (Z2 ) and with incident photon energy in a rather
3 Strictly speaking, this is true in the preisent case only because we may neglect polariyation (i.e., we shall not be

concerned with gamma radiation from nuclei aligned in an external field or with thin-target bremmstrahlung).

4R. 1. Ewins, The Atomic NIuleus, New York, McGraw-Hill (1955), p. 712.

1!
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more complex maniner. It shouldl be noted, however, that pair production does not be-
conllin a major niode of interaction for low-Z materials (including soils and explosives)

ko-f plhoton energies helow - 10 MeV. Since available radioisotopes do not emit gamma
rays of energies greater than - 2 McV, and since bremsstrahlung sources in the MeV
range are too bulky and heavy to consider for field use, mine-detection techniques based
oil pair production are not considered promising, and pair production will not be con.
sidered further.

3. ?hotoe,,ectric Absorption. Unlike pair prociuction, photoelectric absorption
occurs primarily at low photon energies. In a photoelectric event the incident photon is
aisorbed, in this case giving up all its energy to a bound atomic electron, which in turn
is ejected from the atom. In solid materials, these ejected electrons are readily absorbed,
thus precluding direct observation of the number of photoabsorptions occurring. No
first-principles derivation exists for the atomic photoelectric cross section (j•). In the
energy region below 200 keV, the best estimates rely oil high-precision, total-attenuation-
coefficient nicasurenients and on subtraction of theoretical estimates of the attenuation
due to scattering.' 6 Th dep1 endence of aT on Z and E in the ranges of interest i6 shown
in Figures 2 and V. Note the approximate dependence Tr a Z' /EI3 in this range. If the
energry of all incident photon is below the binding energy of a given electron, then photo-
absorption by that electron is absoltely forbidden. Together with the energy dependence
described above, Ihis micans that, as the energy of the incident photoni decreases, T in-
creases, reaching a inaiinmin at the clectron binding energy. Any further decre,. in

pllioton energy results in a sudden drop in the photoelectric cross section.' Thus a plot of
,or versus photon energy contains a series of discontinuitiCs, or "edges." These edges
can be utilized to formn the equivalent of low-pliss filters: a photon beam passing through
such a filler is greatly attcnuated if it is of energy just above an edge, and far less atten-
tialed if il is of energy just below ani edge. This technique was utilized to effect one of

the lv~iht.-coni pensati,n niethiods discussed ilaer (paragrapph I 1).

For materials with 2< Z < 20, atomnic weight A ý- 2Z; for Z > 20, 2Z < A < 2.6Z.
Thus, roughly, tlihe itibner )It clectrons per unit nt'ss is independent of atomic number.
I lowever, since for photon energics aIowve the K--edge - I10 percent of all photoabsorp-
lions involve, one of the K electrons (Iwo of which are preseit in all atoms with Z > 1),
Ilie portion ol eclron density which is of importance for pholoabsorptioli is ill-
versely proportional to Z. As a result, the mnacroscopic photoelectric cross section (7)
which is d(efined on a per-llnit-miass basis, has the approximate funtional dependence

SIt, ). Evans"i, '1 Atonmi Nul'uls, New York, McGraw-Ilill (1955).

I II. II ubbell anld M, J. Ilterier, "Photon A tomic (|ros Secimins," in Eigcilering Gompi'ndium on oadiatioil Shield.

ilg. Vol. I, It. (;..lavgcr et at., Ed., New York, Springer-.Velg (1 9 6 11, p. 185.

K, F. lhechaly ald ,I It. 'l'errall, Phototi (Cross ,Sectontis I . e V to 100 Ale , Iawrence Livermore I,alboralory
Report t1CI(.-5(140(1, Vol. VI (1 9W).,
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r/ a /Z4 for F,~ I K whr rar N/A, IK is the binding energy of the K electrons, and
N is Avogadro's numiber.

4. Comupton Scattering. Unlike pair production and photoabsorption, Compton
scattering (toes not result in thle. demise of the incident photon. The relative probability
of occurrecne of thle Compton process is a maximum at intermediate ene,'gies, and its
effect is to alter thle trajectory of thle photon, 1h.aving it at a lower energy. lIn this proc.
ess8, thle photon interacts with a single electron, the electron being considered unbound.
(This is a valid assumption providled that E )> I for the interacting electron.) P~art of the
initial photon energy is transferred to the electron, leaving the photon with energy El
which (clepnds onl the scattering angle 0 as follows:

El= E/jI I±+ot(I -cos0)j

where a E /in c' is the incident photon energy expressedt in multiples of the electron
rest-imas enrgy. Figure~ 4 is a plot of this equation for various values of E and MA The
relative probability of scattering through a given angle is given by the Ktein-Nishina dif.
ferential scattering cross section (sec Figure 5):9

____ 2 (+c4ýos 0) + a 2 (I- Cos 0)2
r +2 2 I+~ cs) 1+o 2 0)[l-a((l _Cos)

Tetotal probability of interaction is given by the integral of this equation over alt
scattering angles:

e~ a (Irr (+ 2a) (Ix~ +a +2a)

whevre r ()is the classitjl radius of the(, electron (=- c2 /fit 0 ) Since fthe Compton effect

isaniner ctinwthasnle c-rn l aoicosset on ,) is o)btained by

portona tothe irs 1)w,- of'atoic unier. oweersine lectronl density is

iricden ploto vnrgyincreases, ( I) the average scattering angle decreases (i.e., thle
scttýr~pioonditrbuion becomnes nir owr-ekdad(2) fthe total scatter-

ing cro,% setio ecrea~ses.

8 It, 1) Evti, " ofpl~pof 1I~fjc~t, ini IHatdbh de Htk o.:4,S lge dBrlini, Springer.Verlag (1958),
pp. 2118-2911.
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5. Attenuatic•, CA~efficiernts and Mean Free Path. I'lh(- sum of the pair-pro(huction,
phlotoelectri(, and Compion macroscojPic cross sectmions of a medium (K + T 4- 0'.) is de-
finled as the mass atteinuation coefficient [plp/ (cm, 2 /g) T'lypical density (p) values for
soils are ini the rat'gc of I to 2 g/dcma. Figure 6 shows approximate values of P., r, u,.,
arid p/p for typical soils and explosives. The lihv:ar-attenu•:ition c:efficienit p (cnit ) for
0,02 < F, < 1.0 Me V may be approximated by j, + o4-) p and has the distitiction 4 being
readily measurable. If the medium ii; in the form of a slab, thenr

, exp ( X),

where 0 is tle narrow-beam photon flux n rmally incident on the slab, 0,, is the unde.
flected photon beam emerging from thlie slib, arid x is the thicktness of the slab 'T'hre
term I/A is referred to as the photon niean free path.

I1. TiHEI: IA(CKS(CAl1TE ISPEI CT( I RUM

6. General. Since the natur'- of the minire-dctection problil permiits access to
only one side of the scat tering nmiediunm, only lackscattered radiation is useful inn this con-
text. Just how the sp ectrum of backscatlered radiation chaniges as a function of' hoth ide-
tector design parameters (source type, system geomnetry, ani detect or typte) and enhctiin-
menintal parameiters (soil conip sition and density, variations in soil niicrorelief, arid, ofl
c( ur.,w, the presenice or abswuee of a rnein) is, tlierc fore, of pirincipal importance aid will
be discussed ill detail in the i,,presei section. We initially will conisider how systems of
differing gcometrics respond to variations in (I) the average atomic uniiber of thle
scatterinrg material (< Z >), (2) density (o), and (3) operatinmg heiight (Ih). (For eonwyni i-
eoice, < Z > is dei.lfcd i,n a weigl it-pereent basis.)

For purposes •f this discussion, four system geometries will be consideCred.
A\s depicted in l'i~iurc 7, these geomeCtri•s are: (a) collimiated source aniii detector with
t',e axes of collinuiatli•, i focused on the venter of a spherical scatterirng medium; (b) verti-
callv collimnatud sourcc at,' d tct, clr with the ami s of collimnation s'oparaied by some
distance (p (c) isotrop,'c soniMee Wull verti,'iljy collimateld detector; and (d) coaxially
I m•untcd, vcrtically COii.natcd sou.cce ",:ri detector. lThe sciattering nmediumi for geom-
,'tries (b). (,:, anrd (d) Vill b,' c:r.,idcred liv,'y wt -cmui.inifinite (i.e., as iri infinite half-I ~spalct) of uniform c.mpii •ili'uii Lull deco-iiy

7. (onrlponeiis �.'f ti' Iackseatter ELergy Spectrum. In ordlcr to gaiii ni basic
familiarity witl the backsc.alter sp(ctrtr'i n, we initially ,vill restrict our ('(isic.ralitiois to
gcorrietry (a). l"ig•i 11 ir a Pukc-h.i'iAi spectrum oblltied bly ulilizilng it 60(,o sotirc,
"Iy .17 and 1.33 A, V), ii Nail ('1U), lect(or. arid ii spliericLil iiluiriillllli scLitterii•g

.............~ .~ .aa~~...a ak4,d a~i
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ineduinu, and by ,setting the single-scatter angle E - 9C-.1' Note that there are two broad
maxima, one centered at 360 ke V and( the other at - 110 kcV." The higher energy
maximum is a single-,;catter peak and is predominantly due to gamma photons which.
pent trate without energy loss to the crossover (shaded) region of the scatterer, scatter
once in this region through an angle of approximately 90*, and exit the scatterer with-
out a second interaction. The energy of these photons is, therefore, determined by the
Compton scattering equation. The observed breadth of the single-scatter peak can be
explaintA lby (1) the finite half angles (01 and 02) of the source anti detector collima-
tors and by (2) the finite energy resolution of the Nal (IT) detector (typically 8 per. ent
FWIIM).

The lower energy, broader maximum is due to the presence of multiply
scattered photons. (The discussion in MERDC Report 2097 indicates that doubly
scat:vred photons do not contribute significantly to this maximum under the speci-
fied experimental conditions.1) The presence of this maximum results from the
interplay of two phenonenal. 3  First, the energy losi per colfision by a photon
undergoing successive collisions decreases, both relatively and in absolute terms, as
the photon's energy is diniinished. For example, a 1.33-MeV gamma, scattered
through 180', loses 84 percent of its initial energy; a 50.keV gamma, scattered through
the sanme angle, loses only 16 percent otf its initial energy. Thus, a photon will lose the
bulk of its energy in the first few collisiois in a miedium, after which it may scatter
several inore times, without losing appreciably more energy. before it is: cither scattered
out of' the ,nedium t r phtotoabtsorbed. Sceond, there is a rapid increase in the photo-
electric cross seetion as the phttoil energy decreases (7r oa El" ). Thus, as the phlotCton
energy decreaes, the absorption-to-scatter ratio increases rapidly, resulting in the
abrupt truncation of (he energy slu'(trum which may be rioted in Figure 8.

As a consequence of the above, it is to be expected that the shape and energy
of the niultiple-scatte: "twak" should be virtually indepentdent of' the source energy, as
indeed, may bc seeni to be the case froui t hi spectrum shown in Figure 9.t4 The only
difference between 1Figures 8 an ( 9 is that for iew latter a 131Cs source has replaced the
a0( t) source. Note that althouglh there is a corr sponding change in the single-sc,d'er

01 T'exas Niehiar Corporatioin, Final Hvport, Subcontract 1023-1 to Iikewood i (orporal ion; 1rime (.ontraet

A 129 (001 ) 4569 (1962),

KI . Hlayward and .1. [1. Ilubbh., ,. Appl. Phys. 25, 5100 (1954).

12 F. I,. RoIder and I). (;, Conhiy, Compauted Energy Distribution of Doubh,-Scattered IPhotons, Obtained for Put.

poses of Mline Dletctor Dhesign Atulysis. I ISAI,; RI )C Report 2097 (1Q74).

13 V. 1. Wecelietwrger, Atolinkcrnenlrgic 16, 64 (1970i).

'14 Texas Nuclear Corporation, lFitnal Report, Subcobntract 10123.i I It ) ikewood Corpl irat ion; Prinse Contract

AF29 (601) 4569 (1962).
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energy (290 keV versus 360 keV), there is virtually no change in tile multiple-scatter
"peak."s

The "lative amplitude of the single. and multiple-scatter peaks is a functioil of
tHie crossover depth of the acceptance cones defined by the source and detector collima-
tors. The shallower this depth (tie fewer the number of mean free paths), the ,reater the
relative single-scatter contribution,

8. Principle of Back!catter Mine Detection. Before leaving geometry (a), one
crucial experiment remains t, be considered. Let us substitute a graphite sphere for the
aluminum sphere used previously. By so doing, we have altered two parameters: the
density and the aton: ,iumber of the scattering medium. Figure 10 shows the spectrum
obtained after making this substitution. "6 In order to facilitate comparison, we also
have retraced the spectrum of Figure 8. Two things should be noted. First, the single-
scatter peak for the graphite scatterer occurs at the same energy as does that for the
aluminum (as required by the Compton scattering equation) but is of greater amplitude.
Second, the multiple-scatter peak for graphite is both of greater amplitude and extends
to lower energies than for aluminum. The first effect is due to the change in scatterer
density." The second is due to the decrease of both the density and the atomic num-
ber (and, consequently, of the photo-eh'ctric cross section) of the scattering material
(1- a Z4 ). As a result of a decrease in <Z>, each photon will, on average, undergo more
collisions and surviviu to lower energies.18 This effect is of primary importance in utiliz-
ing backscattered radiation for the detection of nonmetallic landmninvs. Since the aver-
age a inic number of most soils (on a weight-percent basis) is - 12 (0, Si, Al, Fe, etc.),
whereas that of plastics and high explosives is -7 (1H, C, N, C), more photons will be
backscattered from a mine than from soil in the low-energy range, where the photoelec.
tric cross section is appreciable. In addition, since the probability of survival is ac/(r + ac)
per collision, the change in the backscatter will vary roughly as j ,j/(T + O(.)j N , where N
is the average number of collisions per photon history. (It should be rnemembered, of

15 This vffect has been noted by S. Minato, Nuel. Sdt. Lngrg. 51, 32 (197:1).

16 Texas Nuclear Corporation, Final Report, Subcontract 10123.1 to Dikewood Corporation; Primne Contract
AI"29 (601) - 4569 (1962).

17 h, general, the effect of density dcanges on the magnitude of a single-scatter peak for geometries similar to georn-

etry (a) is ax follows: As the mass denitdy and, consequently, the number of electrons inl scattering volume in-
creases from zero, so does the number of scattering events occurring in tlhat volume, tlowevir, a maximum exists
at which point further increaws in density will result in a decrease in the observed single scatter due to atterua-
tion of the incident radiation before reaching the scattering volume and of tin scattered radiation before reaching
the detector. Consequently, if the amplituuie of the single-scatter peak falls within a ccrtain range (this range de-
pending on ganma-ray energy and system geometry), it may denote either or two densities. R. D. Gardner an, It.L.
Ely, Jr., Radioisotope Measurement Applications in Engineering, New York, Reinhold (1967), pp. 345 ff.

18 In practice, the finite dimensions of a scattering medium tend to rob the multiple-s•atter portion of the spectrum|

of !ts lowest energy components. Consequently, the !,w-energy truncation observed in these experiments i at a
somewhat higher energy than is predicted by moments computations, whih necessarily assume an infinite medium.
L. V. Spencer, National Bureau of Standards (private communication).
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course, that both r and oa are functions of photon energy and, therefore, change with
each scatter.)

Thus far we have considered only relatively high-energy isotopic sources and a
relatively small scattering angle (900). By doing so, we have been able to energy-resolve
the single- a=d multiple-scatter peaks and, thereby, simplify the analytical discussion.
For reasons to be shown, for the remainder of the report it will be necessary to consider
larger scattering angles and lower source energies. As a result, it no longer will be possible
to distinguish between single- and multiple-scatter contributions on the basis of energy,
although both types of radiation may be known to be present.

9. Selection of Source/Detector Geometry. It is now appropriate to consider the
three remaining geometries and to see how the backscatter spectrum Changes as a func-
tion of < Z > for each, still considering only semi-infinite scattering media.

As noted for geometry (a), the relative contribution of single andi multiple
scatter depends on the composition of the medium and on the depth of the crossover
region. In the limit of an infinite crossover depth, there, would be no single-scatter con-
tribution - only multiple scatter. This will occur if the source- and detector-collimator
axes are parallel (geometry (b)). Further, with this idealized geometry, the separation
between the point illuminated by the source and the point viewed by the detector would
be independent of height above the scattering medium. Thus, the magnitude of the
backscatter flux density 0 would be independent of height, clearly a major advantage
in terms of an operational detector traversing a less-than-ideal surface.

IM practice, even if the source- andi decttor-collimator axes are parallel, there
will be some angular dispersion of the incident and backscattered fluxes due to the finite
acceptance angles of the collimators. The smaller the acceptance angles, the less disper-
sion will be present, and the less height-sensitive the system will be. ilowtver, as the
accelptance angh; dcecreasmes, so does 0. Consequently, a trade-off must be made between
achieving height-indepcnden:'e and obtaining the maximum possible value of 0. Never-
theless, the assumption of parallel incidence and return represents a good approxima-
tion for this geometry is implemented.

Now, let us consider what happens when the source/(hetector separation q is
varied for this geometry. As q is i3crcas;cd, the lateral distance a photon must traverse
in the mediumn before its backscattcr can be observed by thel detector also increases. As
a result, there is an approximately exponential decrease in 0 as q is increased, which is
a disadvantage in that the countrate is h•owered.(" (See Appendix A.) Hlowever, the

19 K. Pridm and It. Livanil, Nuel. EnMg. and lh-sign 24, 2511 (1973); M. ILcimdarfcr, "'hit! IBackscatteri|g of
I'h,,toim," 434 inl E31 geritig Gompendim on Radiation Shielding, Vol. 1, It G. Jaeger Pt al., ELd, New
York. Spri:nger.,Verlag (19611).
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a verage nu mbter of' seat Iers (N) undi(ergone, by the pliotons whichi alre, (letcdtCd I~5 ii
('reases as (I is increased, sill(-( (I becomecs large compilared1 to the neaui f'ree pathb of' tlie

ph otons1. This is an adIvaii Iage. sinice, as ilotell above, the ability to discriini't ate bet weeni
mnedia having d ifre'rintg val uies of < ZA > varies :ippro xiniatel1y is (coiistan kN,"or low

incideiit-idiotoii eii(rgi('s). Thlus, we have arrived it aniothier trade-oil': (I sholm d bc' set

ait the max imium possible vidule consistenit w ith all accept ably high valuec of' 0 at Ilhe de-
Ieteebor lI'mte ('ase of' sc~iii-iiifiiiite nit-ida.

iii d ie case of' [lie mint-ilct(etct io geomietry (a low -Z incelusnion fl finite Size im-
fl('1(ICd ill a hiighiei Z scilii-iiitiiiite nIledliiIII), this colnclusioii must be modif~ied, . ;tuee there
is tlien a disadva1 ntage to thec use of' a (I value iu('li greater duau the lateral dienitsit.; of'
thec iin'lusioni. (See Appendix A.) At this point, it sfl( uld be. nioted that, f'or scatterer

r d~(enisities above sollic Iliiiiiiiial valuie, N also will vary' iii (ireet pr('portioli to p. Ilis
.1 (l(ereas(' in the density of' thle seatteiring nnlediulin without a change inl composition wVill
result ili a positive cliaigv in the backseat ter f'lux Sill(!(inc this is a linear effect, how-
ever, it is small c'omipar'ed to thlat observed f'or the A-chiange (lum(! toi the pre'se'n'e (of a
minei~ ill the ('umergy region where the ph~otoelve('l'i( ('I hwtl is important.

'l'lie advauitagt's ofl g('olii('tu' (b) ar. e lighlt iuleldvelideuiee andu 11iaxilinal valules
of' A H * oweve'r, bioth thiese advantages are achieved at the expense (If 0. ( oise~puclitly,
geometry (b) is of' little value if' only limited source activitie's are available. In tIs. laItter
C'U5C, WC' nIu-4t 'onlsidler the( advantages of' fervd byl g,'onuietries (c) and (d ),

Ilii glolul'trv (c'), tIhe radliat ion sohirel' is IlI isotr'opic' cutlil t(' and the deotector

is vt'l'ti('alhv collimated. In this case. 0 decrease-s comparatively slowly as( increases.

(0 2- o .,,,,x f'or (I -- 11.) It also sf101u14 be noted that Single scatter' isnlo longer' geonlic
tricall,, I x'lidvbd, and that the iilf'tvnlliI(-cte ratio should be large comiiparedl
to I fiat for geomiletrvs (b) (amid,*as we shiall sec, 'oi' geouiietrN, (d)). 'l'lu aver'age iIWlII('I

of'cat tel's pcr photon history N also wVill In' smialler' than for. geometcry (b) and will I)(
i'ouugfuly ildwldvfnll(den ot' T h'uis, wliilu' (/) iid n'v be((1 to In'le mubcch larger 'for geonil-
''ti-v (c) than for geolieln'l' (b) (fl'o coliiparalih' (h'u'ctor colliniatioii), A 0/ will bcIn' uitcl
lowver. hIn adduitioni. hp ino lonige'r will be' l'igllt1-ilidlcf'lldit , 1)ut will Var ,N rapidly with 11.
One adfvantalge to g''omi('l'yI. (c'). floe'a'r .I is ifs nilliiiliial s4'iisitivitv to) deunsity chiziiige~s.
'Ihis may bt sv'uii to follow f'romin tIle 'l'lm-eo of' Phlaivhn' sit Variat ions, ','lzichi states
tha~t "hIan ,iifif'iiitu' iin'diuuii ill wýhich tI'lic Iater-i;I is u''u~wficl- the salimlo eXcept I'mi
plawdi'(luisity v'ariat ions, it' thlere is a souirce~ (df raihiatioii whichl is likewise constanmt along
plain's of' colistant (l('11if~ , vthe r'adiationl flux equriLs that ill a coi'i'uspnuidilit, problehmi

with coiistauit dlv'isitx 2 4 "' III tIs c'ase'. thl(' souluce 'oiiuitioii ('allI bv satisfied by all iso-
ti'opii sotl-c('( it, it is ('uIlphNlfo l(( at distallces large ('olllal'('( lo flhe nicanl f'lee iatil (f flhe
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photons in the medium."' See Figure 11. The principal advantage of geometry (c),

however, is that it maximizes 0. We will see later, in considering finite media. that geom.
etry (C) has a second advantage: unlike geometry (b), the detector response is depend-
ent on the material properties in a well-defined volume.

Geometry (d) consists of a vertically collimated source coaxially mounted
with a vertically collimated detector. The collimation in this case, however, is intentional-
ly "loose." The net result is something of a comproinise between geometries (b) and (c).
F'or small vrlues of ht, the detector is shielded from single scattcr occurring near the sur-
face of the scattering medium by a lip surrounding the source collimator. As h increases,
tho diameter of the spot directly illuminated by the source increases more rapidly than
does the dijameter of the shadow imposed by the collimator lip. As a result, as h increases,
m ',re single scatter is seen by the detector. (Of course, there is a maximum beyond which
the single scatter begins to decrease.) The multiple scattor hehaves in very much the same
way except that it reaches its maxinmum valu': at a low~er value of hi than does the single
scatter, The net result is that a compensated region is found to exist wherein the increase
in the single scatter just compensates for the decri'9,e in the multiple scatter. Thus,
toc a detector operated Lit this range will be roughly independent of height. Figure 12
illustrates this effect. (Single. anid multiple -scatter contributions werc separated by visual
examination of the data.) The geomietry usedl to obL'in the data shown was actually simi-
mar to geomectry (b) with "loose'' collimation an(], as F Lich might be considc,,ed one radial
element of geometry (d), (See Figure 13.) The source used was "',,,(~ in order to facili-
tale energy resolution of the single- and mnultiple-scatter con~tribution~s.22

Thie advantages of geometry (d) over geomectry (c) art! (I1) height indcpendence
and (2) higlier values of AO/O as the composition of the scatteiring medium changes (due
to the geometrical exclusion of some single sc.;'tcr). The disadvantages are (1) a sonme-
what lower 0 anIr( (2) a A 0/ which depends on height (,since, the single-to-multiple-
scatter ratio changes with heighit). It should be recognized that, although not a dlisad(-
vantage for semnii-infinite mnedia., the sens8itive volumec for geometry (d) is dloughntut

shtaped, This proved to be a rather sevet e handicap in some, cases of practical im~portanice.

21it is dIifficultI to ichange a; reciabl y the djensity of a Seat tering miedium without also changing its chemical corn.I
position, Ill ex perimen ts conduoct ed hin vii)r'rat in iiwith Ii trronnel of the Explosives L.abora tory, l'icathinny
Arsenal, sand and gravel of varying Sieve mize, obtained fromn the same quarry (therefore, presumnably of similar
compositioni), were placed in thin, aluminum trays approximately I11 by 16 by 2 inches deep. The trays were
set flush with the Surface of a semli-infinite, Sand scattering medium. The extreme densities for the trays were
1.7 g/cm' (sand) and 1.3 g/cm1 (I .5-inch.sieve gravel). Since thii gravel was closely packed, It was assumed to
represent a liomogeneous scattering mieditum. (The air gap) between Stories was much less than thre meani free
piathi ini Stolie iif the ," CS gammna rays employed,) System geometry was similar to that shlown In Figure 13,
C SiCpt t hia tibe Source was lowered tio t he bo ttomz iif thre lead collimator Or 15 inches; q = I I hinches). Initegral
icounits oblt aiiied for tl( hI Wo densit y e*x trimes sbiiweii less t han a I percent difference. T[he pulse-heieght siweetra
obt ai neil are iii piteti in I-igure 11.

22 D ata obtain#i(] iii cillabo ra tion wit lii , MeCahiill ariid S. I tel f of the Fel tman Research ILaboratories, Ilicat inny
Arseiial (19701).
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T1he result.- of this section are summan~rized inl l'able I.

TIable 1. Summary of Symtem Chararteristies ~as a lunctioli of Geometry
Geometry D).4criptioi ___________

Chiaracteristic Coltinated Source; Vertically Collimated tincotlimated &oUrce: Coaxial Source
Collimated lDetc-tor, Source and lrtetectv Vertically and D~etector

Defined Cromgoycr Colliimated D)etector

Rlelative 4, mediumn low high m-idium
Rtelahtive A 0/0-ndiurn high low rntdiumi

Ilvight Sensitivity high low h igh low
lDetudty Sensitivit y high high low 1fl4-(j um

10. Source and Detector Selection.

a. Genleral. ''etwo reivaining pairamnetors which affect, detector design are
source and detector type!. Since these riarameters are determined more by the prac~tical
requirements of mine. detection than by theoretical considerations, it wvill be. tiecessary
at this point to abandt(onl the assuimptionis of emni-tinfinlv t c. 5ittrittg inedtiii of titiforni

composition andi of point detectors andi consider the prolblemi as it prescnts itsvlf ini the
real world.

T'wo broadl claissificationiis of :ninet; neved to be, considered: an tivehiculari
and antipersonnel. Antivehicular (AV) rnine., generally contain uipward of 20) pounids of
high explosives and may be buiried tinder soil overburdens of up to v' foot. For tietcetitin

ptirposes, this is a very different class of targets from the antipersonn'1l (All) mines which
genecrally contain anywhere from 1/ t~o 8 ouinces of explogve and rarely ar employed at
depthis exceeding anl indit.

Si nce A P aa 1( A V mines pose very different dietection probilemns, it was
(lecidled that two separate It~etctioti systems shoild be developed. heAPl-milw ie tee-
tor was of necessity lo lit man -portable (because APin mines do not pose a majo r I ureat
to vehicles). lliThus, it was nlecessary to minimiize the searchhead weight (since htoldling
(vvtt 5 potintis at the' etto of a long handlhe is very fatiguing) while main itiiing aii

acceptable rate of radiation exposuire to thle operator. Althoujgh it is obviouisly dlesiratble
to conducet mitie-deteet ion operations as rapidly as5 possible, it wits reeopiii,.et thttt t ,
keeping within flthe weight coutsh-aints of inaii-portability, Oth source size anti], therefore,
flthe coumitrate wouild have to be limited. As a resuti, it was enivisioned that the detector
c101ld he empboye~d only inl sus~pect -Areas; therefore, relaitively slow search speeds were
con1sidered to be acceptable (say, 0. 1 iii/hi clearing a path 4 feet widle), (See Appendix B~.)
The detector also was intended to he capable of' fmnctioning ini a variety of terrainis, tititlei
adlverse weatther conditioits, atnd over a reasonable range o~f opetatinug heightls.
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The AV detector was to be mounted onl a boom attached to the front of
a vehicle (for experimental purposes, a 1/4-ton tr.uck was employed). Because the metal
of the vehicle would provide shielding for the operator, the exposure rate in the vicinity
of tile searchhead was not considered to be of overriding importance. It was, however,
necessary that the searchhead clear a path at least equal to the width of the vehicle and
be capable of operating at forward speeds in the neighborhood of 5 mi/h. (Speeds much
greater than 5 mi/h would result in br-king distances in excess of reasonable boom
lengths.) Again, the detector was to be capable of operating in a variety of terrains,
under adverse weather conditions, and over a reasonable range of heights.

b. Source Selection. Secondary high explosives consist entirely of light cle-
ments (i1, 0, N, C) yielding an average Z of approximately 7. Soils, on the other hand,
consist of somewhat heavier elemrents (0, Al, Si, Fe, etc.) yielding an average Z in the
neighborhood of 12. Both soils and uxplosives have specific gravities in the range
1.3 < p < 2. It should be remembered that, since photoelectric absorption per unit mass
is proportional to<Z4 >, inorganic clay, for example, will photoabsorb some 27 times
the number of gamma rays per unit mass as 4ill explosive at the same photon energy per
unit flux (see Table 2). However, the percentage of gamma photons whose scattering
histories arc terminated by photoahsorption (as opposed to backscatter) depends on
the incident gamma energy (. r cy E' 3 ). rl'hus, the backscatter spectrum from a relatively
high-energy gamma source (say, '37 Cs; E = 0.662 MeV) will be relatively insensitive to
changes in the atomic number of the scattering medium except for the lowest energy
portion of the multiple-scatter component (see Figure 14). On the other hand, if a rela-
tively low-energy gamma source is employed (say, I Am; E = 0.060 MeV), the
amplitude of the entire backscatter spectrum increases as the atomic number of the
scattering medium decreases2 3 

2 (see Figure 15). (The lower energy peak shown is thle
iodine X-ray escape peak.) Integrating over the entire spectrum, we have found that
thtis change may be as great as several hundred percent in going from a s,'mi-infinite soil
medium to a semi-infinite explosive medium. On this basin, it would appear desirable
for purposes of mine detection to utilize the lowest energy possible, consistent with an
acceptable return rate. (The lower the incident energy, the lower the percentage of
gammas backscattered for energies below about 250 kcV. S ) This, indeed, wouhl be

23 W. 1). Miller, W. E. Tucker, and E. I,. Iludspeth, The Detecton of Uoncealed Explojives by the Use of Gamma-
Ray Scatteritw and Trantntission Techasqueo, Confidential Final Report, Contract l)AAK02-68-C-0229
(October 1969), AD 506041i L.

24 in tie case of semi-infinite scattering media, there is u downward spectral shift In the backscatter spectrnm as Z

d ecreast•s, even whei an 2 41 An source is utilized. Iiowever, in the case of mine detection, since there is atl In.
tervening soil overburden, the lowest energy portion of tile backscatter front the target is severely attenuated. As
a result, no spectral shift is evident. Note that Figure 15 refers to a target under a 1-inch soil overburden. See
also F. I, Roder anti I). G. Conley, Computed Energy Distribution of )oubhle-Sattered Photoas, Obtained for

Purposes of Mine Detector Desig-i Analysis, USAMEI C Report 2097 (1974).

25 M. Leimdlrfer, "The Backseattering of Photont,s Ser. 4.4 in Enineering G ompendiurn ott Radiation Shielding,

Vol. 1, It. G. Jaeger, Ed., New York, Springer-Verlag (1968).
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Table 2. Composition of TNT and Sample Soils

(Chenmical Chemical
(Onnposition Chemicld Fornitda Average Z Values Composition Element

(lPt by Weight) (Pet by Weight)
'. . IN ,'I,

100 ( 7 115 (N( 2 )3  <Z> 7 37 C
2 II

< Z 4 > 2,6(X)) 19 N
42 0

Inorganic (,ay(b)
72 Sil02 <Z>-25 12 50 ()
2() I"2 ( )3 34 Si

5 Organic < z 4 >eft - 72,00((a) 14 Fe
3 112() 2 C

0.6 II

(;ram-Cowered Soil(')

59 SiO 2 <Z>-- i1 61 0)

10 le 2 ( 3  211 SiT ( )rgttn~ < Z4 >et•40,o(xXa) 5l'
Organic 4 0" Fe

24 112() 1 C
:3 II

Silne, " ( Z4 is an alpproxilnation for r u Z' /A, the values given for <Z4 >ef were computed as <2Z5 /A>.

(b) soil from ,Mint. Lanels W ' Facility.

( ), il from Fort ielvoir, Virginia.

N()TE: ok)il samples unallyzed at MIiIti)C,

hI'lle if' al! miines were vit placed flush wihll the surface. Ii p)ractice, however, m1inlies are
burivd tunler soil ovvrtinrdens ranging from a light dusting for small antipersonnel ifines
lo as im ich as a fIoot for large antivchicular mintis. Although the )ercentagc of Ilihe back.
scatter spectrum )originating in a iarticuhlar depth interval depentds to some extent oil

lhe siircv/dethchtor geomelry emnploycd, it is generally valid to state that backscatter as
a it'netlion of depth tiev'reass exponeintially: fl( lower the gaimma energy, tlh(e higher
tlit' expio)IIeit of flit' ,xlponential. Therefore, lowvr incident vuiecrgic, restilt in shallower
sampile'd lohniluies. As all example, lh(' mean fret' path of 60(.keV gamnma rays in typical
soil,, is about I inct'h. A final c'onisidetrationi in tiht se'lection of source ,energy is th(e thick-
ntess of the expll'sivw' charge of the mniniie kiing souight. All anltivehiular mine generally
will have ali explosive rharge on th, order o(f 3 inches thick. An aritip)crsomel mine, onl
the oither hand, may have a charge(' lss than 1,.-ihch thick. Tlhtis, an aiitivehicular minle
miay 1' vconsidrered utiarly st'rni-infiliite for the range of ganinma eemrgies whirre p)hoto-
absorl)pioln is of imtIo)rtance (i.e., 200() keV); whereas, the backscathter reachlinig a de-
hector focist'd ml o lt an itipersountinl Ilnint' mnighl weil arise from tlith soil beneath thw mtinie
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as well as from the mine itself arid its soil overburden. T'lhus, a lower energy (and, t&'us,

less penetrating) radiation might be desirable for this application.

In addition to the above three theoretical considerations, we are also
faced with the more practical problem of what source energies are available. In the
realnm of low-energy gamma sources of practical half-life, we have 241 Am ai 60 keV,
"°9 Cd at 88 keV, and " Co at 122 and 136 kcV. "Co and 109 Cd both are an order of
inagnitude more expensive than 241 Am and have half-lives two orders of magnitude
shorter (271 and 453 (lays, respectively). For these reasons, 241 Am was selected as the
most promising radioisotope for mine-detection applications. However, because of its
low specific activity and the low energy of the gamma ray produced, self-absorption
limits the maximum usable activity of an 241 Am disk source to approximately 1 Gii. 2 .26
(0 Ci = 3.7 x 1010 disintegrations/s.) Thus, for geometries where source collimation is re-
qtuired, the gamma flux attainable on the soil surface from an 241 Am source is rather
limited. In order to produce a more intense directional photon source, it was, therefore,
necessary to utilize an X-ray generator.

X-ray tubes currently are availalde which are sufficiently rugged to con-
sider for field use. Hlowever, only the smallest of these do not require a circu!ating.oil
bathi for cooling. (Only a few percent of the energy of the electron beam is converted
to X-rays; the remainder is converted to heat in fhe anode.) However, the added bur-
dens of an X-ray generator (oil bath, pump, regulated high-voltage supply, aal kilowatt-
size power supply) are offset by two prime advantages: (I) The unit may be shut off
arid, thierefore, will not pose a radiation hiazard when not in use; anrd (2) an X-ray genlel-
ator, when compared to 241 Am, will supply an almost unlimited photon flux in the re-
quisite energy range. For example, a tube operated in a continuous mode at 120 kV
with a tungsten anode will have a conversiomi efficiency e of about 1.1 percent.2" Of

the X-rays pr(dkiced by bremnsstrahilung (i.e., neglecting the characteristic spectrum),
- 45 pe'eiit will fall in the 40- to 120-keV range, which we nmight consider realistically
to be hbe range of intvrestt. This translates to 5.5 x 1013 useful photons/s, or about 4,500
equivalent cu rics p'r millianip ot beam current, taking into account the 36-percent yield
of thev 60-keV gamma ray in 24' Am. In addition, thie dii tribution of X-rays is not iso-
tropic (as is the case for 24i '\r), but is peaked at right angles to the electron beam, in
the direction of the port. (This is true only for nonrelativistic electrons: i.e., F < 511
keV.) For these reasons, it was decided that an X-ray generator would be the photon
source, of chioice for the vehicular application.

c. O)etector Selection. In selecting 241 Am and ain X-ray generator for the

26 Wendell Mill,,r, Nuclear-C(licago (;wrporation, I'rivate communfication (1970).

27 P. IU. Coiaidon, -X Rays," in Hlandbook of flaysics, Second PAi., E. U. Condon and II. Odishaw, Eds., New York,

McGraw-H ill t 1907), p, 7.126,
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man-portable and veticle-mounted applications, respectively, the requirement that the
detectors employed be capable of energy-resolving the backscattered flux was eliminated
(since the presence of a low-Z inclusion is manifested over the entire energy spectrum).
Nevertheless, scintillation detectors were employed in all experimental searchheads,
primarily to capitalize on their virtual 100-percent efficiency for photons in the requi-
site energy range. CsI(Na) scintillators were employed in place of the more conventional
NaI(TR) primarily because the former are less subject to damage from mechanical shock.
(The possibility of utilizing other detectors was considered and will be discussed in Sec-
tion 111.)

11. Compensation for Height Variations. As noted in paragraph 9, geometries
(a) and 1c) are extremely height-dependent. However, since, of the two, only geometry
(c) (uncollimated source - collimated detector) is of practical importance for the pres-
ent application, discussior' will be limited to that geometry.

Since the criterion for detection is simply an increase ill the backscattered
flux •, variations in 0 with height (resulting from either a change in searchhead height
or surface irregula:ity) can be disastrous. In practice, a A 0/0 value of 10 percent may
be indicative of a mine; whereas, for geometry (c), a change in € of 25 pet/in, of

k• height is typical for the geometrical parameters employed.

Several techniques of compensating for height changes were considered, and
two were instrumented.

a. Two Detectors at Different Heights Viewing the Same Area (See Figure
16). In principle, this technique is very simple: If ht ard h12 are the distances from the
lower and upper detectors, respectively, to the soil surface, with corresponding fluxes
C and 02, then a change in searchhead height Ali should result in different values of
A01 and A0 2 , provided that 01 and 02 (1o not change linearly with height. For example,
if @1 and 02 vary as 1/h 2 , then

(A 01  _ /• 02) -2 (h2
3  - 1  -3).

Ali

Unfortunately, experimentally obtained results utilizing geometry (c) reveal a 0(h) de-
pendence nearly linear for th,. srnall values of h which are of practical importance (see
Figure 17). For this reason, this approach was not pursued further.

b. Two Backscatter Sipnmo! (6ee Figure 18). In this technique, use is made
,of the fact that only Iow-energry photons are sensitive to the presence of landinines. Int
principle, then, there are two possible methods of achieving height compensation;
either using a high energy gamma source (say, 137 Cs) or using a beta source (say, 90Sr)
together with an 241 Am gamma source.
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sttr If' 13 Cs is emnployedI, ft(e backscatter spectrum will 'onlta~inl single. and mrultiple-

scattepaks resoivabl' hil energy. 'I'le amln)ituit!J of the single-scatter peak is largely inl-
sensitive to <Z> chianges andl is p~rimaurily a function of ht. The amplitude of' thle multiple-,
scatter peak is a fune tion of both <Z> mid Ih (and, to a lesser extenit, of dIensity) 28 se

lFigire 19). Clearly, F'igure 19 eon tainis sufIficient information to compuite both <Z> and(
h. Unortuately,' this niiidtiod hats two p~racticail limitation s whlio.lJrcuie t lcroa

ti( n inl a mililie dietect or. First, only a small fraction of t he, ganmmas emnitted are of use
Ii act ual ly tietermniimug whether a minec is pre-sent or absenit. T'hu s, the source utihiza.
(ion is far lower thani is dIic ease fo 241 Am. Second, as previously no ted geomtet ry (c)
is of primary interest for iniplemen tat ion inl a man .jortable device. Thus, lithe increase
Iin sliieldlitiig weight reqjuiredl (for operator protvetion andI to prevent dlirect feetlthrougti
lo0 the de-tectors) is at substantial handicap.

Tlnv setonil methlod, uising a blca souirce in eulnjuzlctioni witl 111, 14 1 Amn source,
avoids tIlev prat'tival limitations inhlerent inl tlie use otI "()Co. A beta souirce placed inl the

same IloisIzg as8 the( 141 Ain requnires no additional shielding (although the brm-nsstrablunig
proi'nltc'd wVill intrloduice a1 slight ahdliiollal background inl tli seintillator). A small, gas-
fillcd tietect or plateti inl front of the svililillator Ilinil %Vill respondl to backseat tervd betas
while. remuainling viii nally t ransparviit to bli'kscat teredl gammna's. Thlus, alt boughl two de.'

t~clr" illi asoc elect~vronics) ititst Itt' ('Iilt~oved inlsteadt of' onev, tIII' sizlt 411111I.Iweight
()f ft(- seart'llli'atl iteh not Ill' increrased app~ri-viatdA )nI thuv debltl side, it should Ill,

niitiiltti (4Ith btas cikscalt tretl is a Ilillictioll od' heighlt over thev first solid scatterer, (,%,(,i
if' this scatt reri is it blade of glass or a dryv leaf (iftemns essentially tr151 ar1pileit h) 00IoN ~)k

ga~n 1 1 `15). IlletttI, titla bac'kscuguter is itself '/-senlsitivc. 'Thus, tOe ttaksc'lvitt. %kill

Chitllge as.' aiitit'tlioti ot soil t) pe. 29

As ai't CiOSC'tple'ltt of thle ahoI'.v beta backscat ter va n' be i o)INi. it a lieighl
cmI lttIa'll aill I it' HIt dt'vit't i.s ( 1) i'ttalibrat'iio'd I'm at'h soil t ype t'iucouuntt'z'ed, andh (2) uised
ill mitv'ttt vit . mr', o ill al't'as willi ri'i'aivc't lildornIl u'gt'talivt' gotl~ld cover. Since.

ill aml cam.', tIt'v gaiintIa'stat'i thl~liqvcttalimltt hit' ulsed illi-il" arias l wit t'tSsiv't vege.

tail cill. tilltr . ii, Z` iutI' (t4 111 v alleri gt' ulviiuiuttl it' shiu, lm ck)lv tint Ow --,, Z> (dalilt

beli k i ksc llfl. ý~asIll"lllillviled lli jiwil s 11c -v ll I ils l k ll cch
11(il 'it -(i( l'I i lv v l lý e '111id ilS c i V
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although utilizing an 22Ami source precludes the energy resolutioni of these two com-
ponents by conventional scintillation dletectors." 0 Filters pr~ovide a meianis of crudely re-
solving these componlents.

Let uts consider a particular example: LassumeI a source/(letector separa-
tion of 2 inchtes ectnter-to-cen ter, a 1 -inch-(lianleter 2'Ami so~rcc, and a I -inch-(liamreter
scintillation (detector with a honeycomb collimator. Allow the system. to vary in height
over the range fromn 2 to 5 inches. (See Figure 20.) Since the single-scatter angle varies
with detector height, so will the energy of the single-scatter radiation (Ed~. InI this case,

Em=49.62 keV for Ih 2 inches, and E,= 48.87 keV for Ih 5 inchies, a variation of
0.75 keV (assuming a photon prodiuced at the center of the source, absorbed at the
center of tho scinitillator, and scattering V2 inch b~elow the(- surface of the scatterinig nziedi-
urn). The griven geometrical parameters pe~rmit ant energy spread in the singlc -scattIeri.radiatioti of from 48.813 to 50.24 keV at It = 2 inches (assuiring a traximum scattering
depth of 1 inch). Thus, the(, shift in the approximate centroid of the single-scatter peak

with height is ant appreciable fraction of the peak widt~h. See. Figure 21. (It should be
emphasized that Figure 21 is ant idealized spectrum, possib~ly realizable with a Ge (Ni)
(detector, hut riot otherwise.) Multiple scatter, on the other baod, is dlistributed over a
broad energy spectrum both above ant(l below the sii igle, scat ter energy. As ;. resulft,
even if the centroid of this spectrum does shift as 11 is varied (a question which at pres-
ent is unresolved) the shift would niot constitute ant appreciable fractioii of the width of
the multiple-scatter energy distribu tion.

Let uts now init4r 1)os a filter in front of the( detctc-cor whlich has a
K-edge in the vicinity of the( energy of the backscattered radiation. InI this case,euoim
with a K-edge at 441.515 kcV , is most appropriate. At Ith- 2 inches, e~ssentially all single-
scattered p)hotons are at ant energy jujst above the K-edge, and, consequoenitly, are greatly
attienuateti. As It increases, progressively more single scatter falls below the K -edge andI
passecs through the filter. There is no equivalent change in the(, transmission of multiply
scattered p)hotonis because of' the energy spread of' this p~ort ion of' the( spectrum. (This
techniqu11e has the( advantage of being indecpendentI of soil conditions I acauisc the( energy
tlistri 1)11tion of singly scat teredl 1 hotons is at function of geome try alone.)

If two elve-fcor;i, oite fil teredl and( one, unfiltered, are uiseal to view the
same spo0t (,)t the soil surface, then the( ratio of single to untilIi plc scatter will vary as a
function of ht. TFhe result of this effect is shown in Figure 22. If' the icletclor then
passes over a mmiine, there is ant increase in the( couiuitraIc, or both detectors, but there is
no( Change (once background is subtracted) ini the( ratio of cou ntrafes. 'Ilihus, sa fficeien
information is p~re~sentt to detet -I a muic withoutiI incuirring false sigp ials due to sinall

30) A rreenlt ly develoiacd IeithniIlej u4 t ilizing Xe as thae scint ilia I ang ined lua, maay eabailel resolut ion of I he minlegt. an(]a
mnul Iioae-scatt er comallanacats of a laackscait Ir K;Nwctrurn withaout the use of a GO 1, i) dectector. Roetaatr Moler, Sc jmaci'
A ppl icat 011, i ac. , private a o Cafa utnjaiw I ionl (1974).
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varia tionts in It. Thliis techniqute was inst ru men ted in a b~readlboardl defector which will be
discuossed if) sectioni IV.

Ili. HIISTIORY

12. llackgi-ound. Ini 1967, repre e ittatives of Texas N uclear Corporation proposed
the deCvelopment of a mine detector based o'n the backscatter of gamma rays."1 mllis pro-
p)osalI was based onl ait earlier observation mtade in ii 11 course of other dlefenise, research
that. the spectrum of backscattered radliation differs for materials of (lifferitng atomnic
number."2 Texas N uclear personnel reasonedi that the elements found in explosives
would yield a backscatter spectrum which (differed from thtat obtained from the higher
atomic, numiber (higher ZA) elements commonly found in soils. If these, differences could
be explo~ited, a Minle detector based oil measurement of the average atomic ntumber mnight
be developed.

Tlhis p~rolos~d was funded onl 26 February 19611 by the UJ.S. Army Mobility
F~qu iimwii I Heseareh anid I evelopimen I Ceniter (USA NIERI)C), Fort lielvoir, Virginia.
Cont tractual e ffo rt onl backseat ter mine-detection research was cont inued'( until Junle 1973.
Ini addition to the( wi )rk at the( Tl'x as N uclear C orporation (later af division of N uclear.
ChAicago Corporation), dletector developmnent was carriedl ou t by Industrial N ucle-onics
C orporat ion. E'xp~erimlen ts were also cond~uc ted in cooperation with p~ersontnel at the(, Ex -
pilosives Lalbo rat ory at Picatinny, Arsenal, and1 compluter simulations were performed by
persitittel ait the Nuctlear Fffects La~boratory , Eldgewood Arsenal (later part of the(, Ballistic
Iteseareli I aboratorics, A berdeen ltesearclt and I evelopmentt Center). As noted earlier,
effort in thii iu ta now has been te-m inatedl as a result of the( aplpraisal that the limitations
of' the backseat ter aplproachI ou tweighi its capabilities whient viewed from at practical mnili-
tary standploint.

Results of import atie to the piauseut discussion stem itinig from stud(ies carried
out at Picatininy Arsenial already have beet' presenited ini Section 11. Results of thte coili
pmittations carried outt at Edge wood Arsenal are p~resenlted1 in Appendix A. 'Ihel( putrpose
of thIle p~rescii I sec titn thieni, is to recount it tite ( experimen'ital procedures followed andtlithe
salient re'sults obtaitned under con tracts I)AA R02-68-( >0229, l)AAK02-69-C-0263,
)A A R02-710-C-()105, and I )AA K02-71I C-0359 with the( N uclear-Chicago Corporation

and it ider conitrac t I)AA K02-`72-C -061I9 wi th thew Industrial N ucleonicis Corpora tion.
Al though inore detailed accoun its of these contractual effortIs tnay be found in the final
rep orts of' tw aboi n ve contracts, the( reader shoulId be aware that int maniiy inistattces tite
theore tical explaitat i os presenttedl itt these re~ports for tit( expe(rimeniit al re'sultIs have

'I xa N clerprii.,ia'iato of Gammaz Ray 1kicksaotte'riiw forte De. ht'ction of BlurieLa'a And Hines -.

An U nsoficaied Proposul, It August 1967.

:12 1'ecxas N uclear ( Aorporli ion, Fina tou Ihcort, Subcontract I1023-1 to I)ikewood (2orporat lon Prime Cont ract
Al"29(60I) 4569(190.2).
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been found to be in error. 33-37

13. Contract DAAK02-68-C-0229. The principal purpose of this contract was to
explore the feasibility of photon-backscatter mine detection in a laboratory environment.
To this end, the following experimental setup was employed:

A soil box, 18 by 36 by 14 inches deep, was prepared and filled with red clay
("85 lb/ft3 , - 3 percent H120, no organic content, and - 6.5 percent Fe). 'rte top 6
inches of the soil box consisted of four 1-inch-deep trays and one 2-inch-deep tray. This
latter tray contained the target, usually a 1-pound block of dinitrobenzene (DNB), 2.5 by
3 by 1.75 inches thick. The bottom of each tray consisted of thin aluminum screening
covered with 1-mil polyethylene. The purpose of the trays was to establish a reproducible
geometry for various target burial depths. The sources employed were 241 Am and 3̀ CsB;
the detector was usually Nal (T R), although others were investigated. Backscatter spectra

were recorded on a 400-channel multichannel analyzer.

'rthe experimental setup is depicted in Figure 23. With this arrangement, the
following parameters could be varied:

a. The angle of incidence of radiation from the collimated source.

b. The angle of incidence of the detector-collimator axis.

L. The acceptance half-angles of the source and detector collimatore.

d. The source/detector separation (q).

C. The height above the soil surface (h).

33 W. I), Miller, W, E. Tucker, and E. L. IHudspeth, The Detection of Concealed Explosives by the Use of Gamma.
Ray Scattering and Transmission Techniques, Confidential Final Report, Contract DAAK02.68-C-0229
(October 1969), AD 506-081L.

34 W. E. Tucker, W. 1). Miller, and E.L. Iludspeth, The Deuvlopment of Experimental Explosives Sensors Using
X-Ray and Gannmm.Ray Backacatter Techniques, Confidnmtial Final Report, Contract DAAK02.69-C.0263
(June 1971), AD 402-9106.

W, E. Tucker and W. D. Miller, Design and Construction ojfa Man-Portable Gamma.Ray Explosives Senstr, Confi.

dential Final Report, Contract DAAK02.70-C-0105 (Januacy 1972), AD 519-617L.

36 W. 1). Miller, M. N. Anastasi, and W. E. Tucker, The Design, Construction, and Teting of an Advanced Experi.

mental Model Portable AP Mine Detector (Gamma.Ray), Confidential Final Report, Contract DAAK02-71-C.
0359 (March 1973), AD 403-0097.

37 Mason L. Thompson, Advnced Experimental Model AP Detector (Gamma Ray), Confidential Final Report,

Contract DAAK02.72-C.0619 (August 1973), AD 526.7422.
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rhle first series of experiments performed with this apparatus concerned thle
elction of source type and thle establishment of criteria for mine dletection. As noted

inl Section 11, both the amplitude and shape of a backscatter spectrum will change as thle
< Z> of the scattering mnedium is varied. However, use of a 13̀Cs (662-key) source
undler the. more realistic condlition of a finite D)NB target buried undler a soil overburden
revealed that only a small change inl the lowest energy portion of thle spectrum could be
observedl. (See Figure 14.) (Note that the variation at -200 keV is (lue to a dlensity
change rat her than to a < Z > change.) By utilizing an "4 Amn (60-keV) source, however,
the target was manifested as a general increase in amplitudle over thle entire spectrumi.
See F~igure 15. The lack of a shift inl thle energy distribution of lbackscattere(1 photons
was ascribed to the severe attenuiat io.n of the lowest energy photons by the ''lover-
burden. Onl this basis, it was decided that: (a) the criterion for mine (detection Should
be a percentage increase (A 0/0) inl thle integrated countrate. abiove some lower level set
to exclude only photomultiphier dark current, and (1)), inl ordler to mraximize. this pereetm t
age in crease, the source energy should be a.; low as possible consistent with anl acceptable
coun Irate. Ini general, photons of energies fromn 50 to 200 keV were considered to

possess5 the greatest promise for mine (detection. Consc~qucntly, further effort undler this
contract was performed with anl 24 Amn source, and anl X-ray generator (- 14o k Vp) was
ordlered for use inl fiit.ire stud~ies.

The seeond series of e xperimnints conducted1 conceernedl the selection of source/
detector geomnet ry. Since the vj('xperilnicntal setup) consisted of' a collinmatedl source (inl
this case!, I (,i 241 A ma) and a co! linated (detector, experimrents were li mi tedl to varia tionis
of' tlhis arrange menit. B y vary ing the iciclu(Ied angle be Iweemi sourve- and dectector-
Colli mator axes (0), it wvas ICletriniim ed thI at (a) Aý k/4 increased as the depjthi of' in tersec-
tionh of tlhe axes inicreasedl, (b) Aý 0/ greatly (decreasedl whenever the detector ''saw" anl
appjreciable amtoumit of sinigle-scatter radliatiJn, andl (c) A 0/ incrmise(I as ~i(I ecI'easevl.
'This last result, whbich appears to contradict statcenizts made inl Section 11, may he
seen to follow f'rom flue limnitationis of' thle expecrimnuntal setulp: 41, ill all cases, exceede'd
the linear (linict'isiolis of' the iarget . Further, hy varying hi, it was determined that thle
change inl 0 as 1i wvas varied (A O/ Al) was miiiiniized by iluinlinulzilg 0. B)- v'arying the
half-angle at the source collimator, it was observed that A O/A 1i could be reduiced f mrt hecr
by tightly colfimlatfing the souirce (alth1ough, Oil theC neCgative Sid, th~is also greatyIc-,

011 tl( baisis of' thle above., it was determnilled that the optimail s)ysfen for minle
detectionl ýVoufd consist of a tightly c'ollimiatedl source andi dletector, as close, as piossibile
to eachi other, wit h a small angle included bet ween the sourice anld detector c'ollimuator
a xes

The purpose of the third meries of' exji(rinineus was to (Icterulinue the typie of1
r(-sluonse- to lhv exjeccted fromi a variety of' artifacts whlich might be eni(otilntered l inltl"

41



soil. For these experiments, the incltuded angle 0 was set at 35'. The artifacts were:
blocks of wood, aluminum, granite, and limestone, each 2 by 8 by 2 inches deep; and
a container of water of similar dimensions. A I)NB block was, in each case, used for
comparison. The artifacts were emplacei at depths of 0 inch (flush), 1 inch, 2 inches,
and 4 inches. Two soil conditions were considered: dry (- 3 percent 1120) and moist
(" 20 percent I12 0). Tabie 3 shows the results of these experiments in terms of the
ratio It of the countrate obtained over an artifact to the countrate obtained over soil.
In general, it was found that R was greater than unity for wood and water, as well as for
I)N3, arid was less than unity for the aluminum, granite, and limestone. (Difficulty was
encountered in repacking the soil trays to uniform density, resulting in certain instances
in, R values less than unity for wood, water, and 1)NB.) From the data shown in Table 3,
it may be observed that: (a) smnaller values of R obtain under identical circumstances
when appreciable soil moisture is present; and (b), witht the geometry employed, in-
creases in the backscatter countrate are observable for low-Z inclusions buried at depths
of up to 2 inches in (fry soil and I inch in moist soil.

Table 3. Backscatter Information From DNB and Other Artifacts Emplaced
in Moist and Dry Soil

Emplacement Depth (In.)

Artifacl 0 (Flush) 1 2 4

Ratio (It) in Dry Soil

)NB 7.14 2.17 1.08 0.89
Wood 10.98 2.70 1.08 0.88
•Vater 8.33 2.63 ).15 0.92
Alu mintum 0.14 0.55 0.87 0.87
(Grainite 0.29 0.7! 0.95 0.95
I,imestoh 0. 14 0.58 0.87 0.94

RaI tio (it) in Moist Soil

l)N II 6.25 1.68 0.91 0.78
Wood 10.40 1.81 0.85 0.80
Water 7.14 1.64 0.85 0.73

,AhumimntO. 13 0.64 0.79 0.79
,ranih' 0.31 0.63 0.72 0.72
l mestoe 1. .1:3 0.50 0.72 0.71

Finally, some at l('ntioii was given to the sele.ction of letec'tors for the mijue-
detection applicatiomi. Ge;iger tubes, ionization chambers, and Si(li) and G(c(Ii) solid-

state detectors were considered sonie ex pIcrimeniits w('rc condicted with plastic scintil-
lators (N E', 102 and 10 percent lhad-lhmded Pihlot 1). These d(imionstra(ed that the

4.2
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countrate obtained with plastic scintillators is excessively sensitive to small gain changes
and, thus, would riot be stable enough for field application. Geiger tubes were dismisscel
because they are not capable of operating at more than a few thousand cps. Since energy
resolution of the backscattercd flux was not required, Ge(Li) and Si(Li) were not con-
sidered promising; however, the possibility of using Si(Li) in the future was left open
because Si(Li) detectors of large enough volume (highi enough efficiency) may be obtained
at some time in the future [Si(Li), unlike Ge(Li), does not require cryogenic cooling]
The possibility of using ionization chambers in a vehicle-mounted system also was left
open, since a large -volume detector was considered feasible for that application. Ioniza-
tion chambers were not considered feasible for a man-portable device since, in order to
achieve reasonable efficiency, a high-pressure chamber would have io be employed.
Such a chamber necessarily must have a thick window, which, in turn, would severely
attenuate the backscatter flux.

14. Contract DAAK02-69-C-0263. Contract 0229 (paragraph 13) established the
feasibility of utilizing photon backscatter to detect explosives buried under soil over-
burdens. The initial phase of Contract 0263 sought to determine the nature of the
underlying phenomena which made this technique feasible. Later phases of this con-
tract concerned the establishment of design parameters for man-portable and vehicular
mine detectors. Finally, an experimental, vehicle-mounted detector was fabricated, and
limited field tests were performed. (Discussion of this final phase of Contract 0263 will
be deferred to section IV)

At the outet of Contract 0263 it was assumed that the interaction mode of
primary importance for mine detection was single scatter. According to this model, the
increase in backscatter observed over the target was due to the decrease in attenuation
of the incident and return beams as they passed through the target. See Figure 241.. A
computer program simulating tis model was executed, assuming an 241 Am source and
various target thicknesses and emplacement depths. Some of the results ti-,,reby ob-
tained are shown in Figure 25. Note that It remains constant as emplacement depth ill-
creases until the target enters the crossover region; l)eyond this point, It decreases rapid-
ly as emplacement depth increaseii.

In order to test these results, an experiment was performed which simulated
as closely as possible the configuration shown in Figure 24. The results, shown in Figure
26, revealed a roughly exponential decrease in It as emplacement depth was increased,
in complete contradiction to the computer results. It was, therefore, concluded that
single scatter could not be the mode of interaction of greatest import for mine. detection.
Further stidies were performed using this geometry, replacing the 60-keV 241 Airm source
with an X-ray generator operated at 80, 110, and 130 kVp. ltsi lts of these experiments
are shown in Figure 27. (It should be noted that, since error bars are iiol sI•w in, there
is some question as to whediher or not the curves shown cross as c(iiiat','meil dephli
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increases. This question, at present, is still unresolved.)

Since a single-scatter model clearly did not satisfy the experimental results,
another niodel had to be developed. To this end, a series of experiments, known as
"iron curtain" experiments, was performed.

A 3/8-inch-thick iron sheet, perpendicular to the plane of the source and de.
tector collimator axes, was inserted in the middle of a DNB target. See Figure 28. The
effect of this "iron curtain" was to prevent the horizontal flow of photons from one
lhalf of the target into the other. An X-ray generator, operated at 80, 110, and 130 kVp,
was use4 as the source. The emplacement depth of the target then was varied from 0 to
4 inches. The result (Figure 29) was that, instead of the usual decrease in backscatter
I'lux as target depth increased, there was a gradual inrease in backscatter flux. On the
basis ot this experiment, it was concluded that the target itself furnished a low-attenua-
tion patih for photons to pass from source to detector. Geometrically, for photons to
follow such a path, they must be scattered two or more tines. Consequently, it was
coz.ltehlded that nitiltiple scatter was the interaction mode of principal importance for
mine detection.

The second phase of this contract concerned the establishment of design param-
eters for a vehicle-mounted detector through the parametric variation of source energy
and certain geonmetric variables. 'T'o this end, the soil box constructed for contract 0229
was eijphoyed. hlhe source was a Norelco PG-140 X-ray generator, continuously variable
from 20 to 140 k Vp and fromn 0 to 5 mA. The X radiation generated was vertically inci-
dent oin the soil surlface and had a beanlspread half-angle of 3'. The detector was a
I larshaw Nal('iQ) scintillator, L.5 inches in diameter by I inch thick, with an 8' half-
angle collimator. The target for these experiments was a 2 by 8 by 2-inch-thick I)IN
block aligned with its long axis in the source/detector plane. See Figure 30. The geome-
trical paraineters var'd ihl these experiments were h, q, mine emplacement depith (d),
and angle of incidence of' the detector-collintator axis (0). The range of variation for
each of the variabiles is shown below.

Range of' Variables for Parametric Study (Vehicular)

Variable Values

I; (kVp) 90; 110; 130
0 (DIeg) 0; 5; 10; 15; 20
It (IIn.) 13.5-19.5 (I -inch Increments)

S(Iii.) 8.75; 9.25; 9.75; 10.25
d (I.)0; 1 '2; 3, 4
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As a result of this study, values for thie geometric an .itie*nrgy variables were se~lected for
incorporation in a vehicular dietector which (a) maximized It, (b) mintimizedi A O/A h,
and (C) Iiiaxiitiizedl

By varying 0 atid (1, test personnel observedi that the 0-value at which maximum-
It obtainedi decreased as q decreased. Further, it was observedl that thle. nmaximnumn It
value increased as (I decreased. By extrapolation, then, it was inferredl that the highest
It value would obtain for 0z:-O and (I c2 7 inches (i.e., (I slightly less than the length of the
target).

fly varying E~ and thle targret emiplacemuent dlepth (di), it was dletermninedl thvt:
(a) for (1< 2 inches, It increased as decreased; (b) frd :- nhs twsrulýPl
d1ependenlt of E, and (c) for 2 <dI< 4 inchecs, It. increased as E' increased. The value ol' It
was essomntially uni ty (hio dettc~tioni) for (I > 4 i nches. See l'igimrc :31. Ini all cases, 0 int -

creasedl as E' increased. (it should be. noted that for this pairt of' the study thc. target was
a 9.5 -inch -diame ter by 3.5-inch-thick block of DIL)Ni.

lly varying E, hi, (1, andI 0, it was dct,-rniincd that: (it) for constant (I and 0, It
% as independent of hi (and(, for d : 2 inchies, independent of 11); (b) for constamnt E, and (1,
AO/Ai was a mininuium for 0=0 and increased a.- 0 increasedl; and (c) no unambiguous
dependence of A O/Ali onl either (I or Fwas found.

Based ol lit!e above, it was decided that thie optimal parameters for a vehicle-
muoun ted, photon-haekseatter miune detector would be. 0---0, q :--expected target diamecter,
and( E' > 130) k Vp for anl X-ray source. No upper bound was dletermiinedl for E' since the
mnaximumi operatinig po~tential for the X-ray generator emp~loyedl was 140) kilovolts. It
also should be, noted that lithe optimal E' value for all X-ray source is not necessarily that
for a gamma source; anl X-ia:y target produces a spectrum of' energies, fihe anin hier of
photons per unit energy interval decreas-Ing as energy increases, with esseti tim ly no phio-
toils beinig prod ucedl at lithe operat ing poleii tial of' thle tube.

Ini additlion to the p~aramietric: .I tidies, the abiove e xperimnictital setuip was uised
to determine the e'ffects of soil -detisi ty voriations and of' dist urbed soil. ''l'hie red clay
first wa's replacedl with] sanid, tliet latter ha viing a density of 1 .8 g/cini , as opposed to
1.36 g/cm-' fm thke former. Tfhe. results, obtainied for different values of F, and d1, are'
sho wn in Figure 312. Note that, for fluishi emnplaceinent , It values arc higher fo r sand 111han
for clay. However, ( he slopes of' the lt-versus-d curvesi for saind are' steeper, withI anl
energy crosso ver at I inch (imsteadc of at 2 iniches) and wit hi liet pointI of' zero dIectelioul

occuirring at - 3 inchecs (as opposed to -4 iniches).

Next, a soil box of uniform density ( 1.7 g/cini ) was preparccl. A voluime at
lie surface of' tlie soil, I12 inches in diameter auiti 4 incices deep, was rt',noved andI
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replueed with some of tire same soil but with a different air-void fraction. Surface densi.
ty v•as varied in this manner from 1.0 to 1.7 g/cma Backscatter measurements made
over this area showed values of R greater than unity, decreasing from 2.2 to 1.0 over the
designetd density range.

Whether or not this ,aensitivity to disturbed soil is dles•irable in a mine detector
is debatable. On the positive side, the soil over a freshly omplaced mine is not likely to
be as well compacted as the soil in tt, surrounding area. Thus, a mine, no matter how
deeply buried, might be sensed by detecting the disturbed soil above it. On the negative
side, any natural!y occurring soil-density variation of appropriate spatial frequency would
produce a false alarm. In addition, once the mode of detection became known to the
enemy, he could generate false alarms (i.e., refilled holes) at will for purposes of
harassment.

The third research phase of Contract 0263 consisted of an attempt to estab-
fish design parameters for a nan-portablh mine detector. TO that end, a 1 Ci 24' Am
source was employed. (At that time, X-ray sources light enough to be considered for
the man.portable application were beyond the state of the art.) The detector was I-inch-
diameter by 1-inch-thick Nal (TR). The principal difference between this aid the pre.
ceding phase of the work was that, in this latter case, th, source and detector collirna-
tors were quite "loose." A source half-angle of - 40' and a detector half-angle of - 50°
were utilized in order to achieve reasonable countrates. As a result, there was consider.
able overlap of source and detector collimator cones. See. Figure 33.

The targets for this study were 2- by 2- by 4-inch blocks of D)NB emplaced in
a red-clay soil medium at depths of V2 arid I inch. As before, h1, q, arid d were paranietri.
cally varied. tHowever, in this case, p (the angle of incidence of the source collimator
axis) was varied, and 0 was held constant at 00. The range of variation for each param-
eter is shown below.

Rtange of Variables for Parametric Study (Man-Portabhe)

Variable Values

p (deg) -10' to 36° (5' increments)*
h1 (in.) 2.75; 3.75, 4.75
q (in.) 3 to 5 (0.5-inch increments)
d (in.) 0.5 arid 1.0

Negat ie values of p refer to Ilh source collimator axis Mloping away from
the detector,

Results of this study demonstrated, once again, that optimnal values for It
occur for o 0 00 arid for q t-- target dianictcr, Howevcr, the It-values obtaincd in this
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case were considerably lower than those obtained previously, primarily because single
scatter near the surface was not geometrically excluded. In addition, R was found to de-
crease as h increased (due to the loose collimation, the target-volume/soil-volume ratio
decreased as Ih increased), and 0 decreased rapidly as h increased. For these reasons, it
was concluded that no colli mated-source -collimated-detector geometry utilizing an iso-
tropic source could be employed in a practical man-portable mine detector.

Effort on developing a man-portable detector would have been terminated
after Contract 0263 had not a radically different geometrical approach, conceived by
Wendell Miller of the Nuclear-Chicago Corporation, been instrumented in a breadboard
detector without benefit of prior laboratory studies. This device, depicted in Figure
34, was demonst.ate,! tt Fort Belvoir during the 4th quarter of Fiscal Year 1969. The
device consisted 0. a 14 mCi 241 Am source coaxially mounted with a Nal (TR) detector.
The source was housed in a "stepped" collimator, tapered toward the scintillator sur-
face, and flared about the radiation exit port. Total searchhcad weight was - 3 pounds.
Signal-processing and alarm electronics were rack-mounted. This device demonstrated
the capability of detecting 1-pound blocks of DNB emplaced at depths of up to - 1 inch
in a homogeneous, inorganic soil medium. The device had to be held at a relatively con-
stant distance (- 1.5 inch ± I inch) from the soil surface and scanned very slowly; but,
the capability it demonstrated had been unattained previously by any mine-detection
technique. In view of the encouraging performance of this breadboard device and of
the pressing need to field a device capable of locating small, shallowly buried, nonmetal-
lie mines, it was decided to forgo the usual research phase of development and to attempt
to fabricate prototype detectors capable of field evaluation. This effort was funded in
l)ecember 1969.

15. Contract DAAK02-70-C-0105. The primary objective of this contract was to
design, develop, fabricate, test, and deliver two experimental, man-portable, gamma-ray
backscatter mine detectors utilizing the coaxial source/detector geometry discussed
above. 38 Teh decisiion to proceed immediately with the construction of experimental
models, without first performing extensive laboratory studies, resulted from two factors:
(a) The success of the breadboard detector which had been demonstrated the previous
spring, and (b) the need to field a detector capable of locating small, near-st,-face anti-
personnel mines as expeditiously as possible. In retrospect, this decision was a mistake.
The detector searchheads delivered under the contract, while principally differing from
the breadboard model in containing two detecting elements rather than one (each
incorporating a 100-mCi, rather than 14-trCi 241 Am source), also contained some rather
minor geometrical changes. The results of these minor changes, however, proved to be
rather major. The experimental detectors were capable of L.,eating only large blocks of

311 Normally, discussion of Contract I)AAK02-70-C-0105 would be deferred to section IV, since this contract was

concerned primarily with hardware development. Its inclusion in section III is necessary, however, in order to
achieve chronological clarity.
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cxplosives (• 20 pounds) which were essentially flush with the surface. With tihe recogni-
Lion of the dangers inherent in attempting to implement a technique not fully understood,
a flew contract was awarded which require(d performance of the type of laboratory in-
vestigations previously neglectl,.

16. Contract I)AAKO: . -C-0359. T'lhe initial objective of this contract was to
gain an understanding of the design criteria for a coaxial backscatter sensor by means of
an extensive parametric investigation of the geometrical variables involved. For purposes
of this investigation, the I.SM. N-14 nonmetallic antipersonnel mine was designated as
lte target of principal interest, replacing the - 0.5-pound blocks of I)Ni and 1)NT tlat

had been employed previously.

h'lh M- 14 mine consists of a cylindrical plastic body, 2.3/16 inches in diam.
vetr by 1.9/16 iniiehs deep. The main charge consists of I ounce of tetryl located in
the lower half of the mine ease, below a partition that separates the charge from the
firing niechianismn. 'lhe detotiator is located at the center of the tetryl charge. Total
weight of the mine is 3-11/3 ounces. See Figure 35. For purposes of thi0 investigation

I ounce of I)NT was cast into the boltorn of empty M-14 mine cases with the detona-
tor remnove(d,

The experimental sensor used for these studies is sketched in Figure 36. The
source was 100-mCi "41 Am, the idetector a 1.75-inch-diameter by 0.25-inch-thick Nal (TJ)

crystal couhpld to a 2-inch-diameter, RCA 6342 phototnultiplier tube. The primary
source shield, mounted below the scintillator, was a 0.75-inch.-diameter by 1.5-inch-
long lead cylinder. The M- 14 targets were emplaced at depths of from 0 to 2 inches in
a homogeneous red-clay soil mcdiu, m. Reproducible, three-dimensional positioning of
tlte experimental sensor over the soil was achieved by installing the sensor between the
motor-support forks of a radial-arm saw.

The dimensions labeled A, hI, (, hI, and d ill Figure 36 were varied parametrically
ovcr the( range of values specified iln Tablh 4. 'liec resulting data are contained in the filial
report and will not be reproduced here. 'l'hll- design para meters mhlected from this data
field to implemhe.nt in an advanced experimental searchhead represented a trade-off which
maximized It over the target whiie maintainiing a low value for A I/Ah, and a high valte
for ,. The parameters slecteh d were A = 0.25 inch, B -- 1.25 inches, and ( - 1.50 inches.
As a result of varying A. It, and C in 0.06-inch increments about these values, it was de-
cidel that A :-0.25 inch, it - 1. 12 inches, and (: - 1.50 inches represented the optimal

configuration for inicorporation in a coaxial searchhiad (designed to iheett NI-14 mines.
Th' resultingt backscatter comitrate was I 10' cpin over soil, the change in coutlrhate
with sensor hiight was less than ±5 percemnt for 1.5 < Ih < 3.5 inches, and It was 1.24 lor
d - 0.5 inc'h and h - 2.0 inchis. Biv displacing thie axis of the sensor relative to the axis of
the target in 0.5-inch iiicr,,m'nts, it as f'otund that I decreased from -1.24 to -1.18 1at
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Table 4. Range of Variables for Parametric Study (Coaxial Man.Portable)

Range of Variation Increments
Symbol Parameter (in.) (In.)

d Burial D)epth 0-2.0 0.5
h leight 1.0-3.0 0.5
A Collimator Aperture 0.05-0.25 0.005
11 Scatter-Shield D)iameter 0.75-1.50 0.25
C l)etector Aperture 1.00-1.75 0.25
N Lateral Displacement 0-2.0 0.5
V Scan Velocity 0-3 ft/s I ft/s

1 inch off.axis and to -1.10 at 1.5 inches off-axis. As a compromise, it was, therefore,
decided that each set)sor element effectively could cover 2 inches laterally (i.e., the tar-
get could be detected if Ri passed beneath the sensor at a maximum of 1 inch off-axis).
This, in turn, necessitated that three sensor elements be employed to achieve the design
goal of 6-inch lateral coverage for tie entire searchhead.

A total of three advanced experimental mine detectors, each employing a
scarchhead with three sensor elements conforming to the optimal geometry specified
above, were fabricated and shipped to Fort Belvoir for test aid evaluation. A more de-
tailed account of these detectors and a summary of the performance data obtained with
them will be found in section IV. For the present, it is sufficient to state that, while
these detectors were capable of detecting M-14 mines buried at depths of up to 0.5 inch
in a homogeneous soil medium at lateral search speeds of -1 ft/s, it was believed that
the sensitivity of these detectors to vegetative ground cover was such that the detectors
would riot be acceptable in the field. It was, therefore, decided that the coaxial sensor
design would not be pursued further and that every effort would be made to improve
detector performance against the M-14 mine emplaced in soil with appreciable organic
content.

The decision to continue effort on the development of a man-portable gamma-
backscatter AP-mine detector was basitd on the results of a limited, in-house program
which demonstrated that detection of an M-14 could be effected utilizing an uncollimat-
ed-source-collimated-detector geometry (geometry (c)) in certain instances when the
iame mine could not be detected by a coaxial sensor. It was recognized that, in abandon-
ing the coaxial geometry, the principal advantage of that geometry (insensitivity of the
countrate to small changes ii. sensor height) also would have to be relinquished. In addi.
tion, it was recognized that only limited improvement ;n detector performance in vegeta-
tive areas could be expected (due to the detection lprinc'ipli employed) and that substan-
tial variations in the amount of vegetation present would result in continual false alarms.

62

~ nuuha



In order to obtain the greatest probability of success in a limited time frame,
parallel efforts were initiated. Contract DA." K02-71 -C-0359 with the Nuclear-Chicago
Corporation was modified, and that effort was redirected to investigate the possibility
of utilizing a collimated-source -collimated-detector geometry (similar to that employed
in the vehicle-mounted detector developed under Contract DAAK02-69-C-0263) in a
man-portable configuration. At the same time, a contract was awarded on a competitive
basis to the Industrial Nucleonics Corporation to investigate the possibility of utilizing
an uncollimated-sotirce--collimated-detector geometry in a man-portable system. Effort
under both contracts was to include investigations of potential height-compensation
techniques.

Since extensive investigations of geomety (b) were conducted by Nuclear-
Chicago Corporation under Contract DAAK02-69-C-0263, the performance characteris-
tics of a man-portable detector utilizing this geometry were fully anticipated. Conse-
quently, only limited laboratory studies were performed to verify that: (a) maximal R
values obtained for q 5 mine diameter (2 inches in tifs case); (b) R decreased rapidly
as h increased; (c) 0 increased rapidly and, for the chosen geometrical parameters, nearly
linearly as h increased; and (d) 0 was appreciably lower for this geometry than geometry
(d) for comparable source activity, 'l'hese characteristics necessitated that, by utilizing
geometry (b), the resultant detector would have to operate closer to the ground and more
slowly than the coaxial detectors fabricated previously. However, it also would be possi-
ble to attain appreciably higher values of It than were previously possible. In fact, for
an M-I14 in red clay and for h = 2 inches, it was found that R = 1 .88 for d = 0 inch and
It = 1.26 for d = 0.5 inch for this new geometry; whereas, for the coaxial design, R = 1.49
for d = 0 inch and It = .1 4 for d = 0.5 inch. fly moving the new sensor even closer to
the surface, I values were found to increase dramatically: for h = 0.5 inch, R = 4.85
for d = 0, and It = 2.60 for d = 0.5 inch. Since these large it values only would be of
use if a means could be found to compensate for the changes in 0 resulting from small
h1-variationu (0 was found to decrcase by a factor of three as I' was increased from 0.25
to 2.0 inches), the primary IU&D effort under this phase of the contract was directed
toward this end.

Several techniques were tried in order to obtain this desired result. The first
technique considered consisted of placing a small, uncollimated Geiger-Mueller (GM)
tube midway between the source and detector at the bottom of the sensor. Thus placed,
the GM tube primarily "viewed" photons singly scattere5 from the soil volume directly
below the collimated source. As a result, the countrate obtained froa, the GM tulx de-
creased as hi increased. It was empirically determined that the slop',.s i the 0 versus h
curves for the CM (!,beiglt) and scintillation (mine)sensors were ewc:n clly constant
over the range 0.25 < h < 2.0 inches, although the magnitude of 0 i'as found to be a
different function of soil composition for the two sensors. (Sce Figure 37.) By adding
the outputs from the two sensors (01 + rno. where mu is a multiplicative constant built
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in to the sy'sltemi), Ilthe resulaI ant signal was foundnt to be only mrodlera tely Sensitive it) height
Variations (~±4.5 percent ove MIMI;gs aiil 1 pecet~r~1 over inorganlic soil), 'thll ± III

pereeit va~riationi ltbmintl over inor''aoic soil was niot considered critical becatise of' Ilie

large 11 values at taiiiabie over this type 4)f soil by tilie minec senisor. The p~rimnary (lisati-
~aitat' )!thu tt'liic~tt V~i is sniih~i(y Ito smiall chianiges ili soiil miierorclivf. Ui

mlline 54lsensr wvas Ioiintl to hev primtarily sensitive to vatriationis inl Ii betweeni the semitifila-
tioti d1efector anid the ioil~i suirface, wheri('(, the height sentsor wits 10101(1 to~ be primiarily
SC'1sitivv to vairiationi.; ini li betwvteen the~ 50111e andI thie soil 5tirI'ace,

Ini order14'r otl-o tI((lit thlis (It'Iit'it'liy, it w as (lecidedi that it was esseiit ial
thlat Ili( e light( senisor view (lie sainlit area ()ii the' soil s~irfai('t' as d1i i tlt( mine1 5411501'.

To thlis vmil, a GNl tube ý as placed iliside Hlie m11ine-sensor collimnator, juist inl front
of' 1114 scititillator. Ilii o~rder lo generate a nouinterferinig hevight-sensor
signa~l, all 11e4'tlillilate4 " Sr/90 Y 0- soili-ce 0.546 anid 2.27 N'IV) was ein-

p(oye( l'eigunr4 :Il. The4 ( NI 1111)4' empi1lf)ved, while' ()ill) to :) percenit v~i('iefcil
Im,- hbackst-attervit -Y r'adiation,1 was i% ii-taly MOI 1 pereent el't'ieieiit for 0' radliatiotn,

()ri the 4)Ihnr hland,. tIli alimnitiiiii %6nidow oil1 ilie sciiitiflator,r while almost tranusparent
to y radliaitioni, was virtually opaqlie to~ hbaoks'at tered O's, Some slight conitribuitioni lirom

V ~~~fi 11 14 S , Yt Soiin-,' to thle mitiie-m-nso'i r signal resiltetl fr4)ni 13- reinsstrahiluig, but this
('ofirihiitioli was found~ t4) hei lic'"lg~ibl)( when'i bl~li tippler- andi lower-level diseriminiators
were 'iiiplo'o'd to delimlit the clivierg hbatitlwitidl of' [he aecejptedl ph~otolli~lltillii. pill~sts.
The out puit of, the llvighit-scllsor- eiiaiizil was 14)11114 to (leerease necarly oxpouientiahll as
11 inicreasedt fronil I to A. iiicli4's ('igiire 8I')). Specifically, 02 CXI) (ai-t) whevre a is a
conlstanlt I,1 thet s ,vstt'in aiit111 is a vo))lsfaiit thlat dependls onl soil type; 4'40ise( 1uelitly. 1) yN
suilujiag il"O andl Q11 02 it wa j)4)s~s~elltto ulilaiji a mnearly conistanit signal level as Ii wats
variedl froml I to 81 inches. This resulted ilii aincruenaso- ill thec signal level as tlie senlsor.

passv') owr theIn' ti-g't. See h'igurti 4(), 'The princlipal disadvantage (d this apfproachl was
that, sillee O's ill thi:ý celtig raiige have, a range which is intgligible compared to thec ineaui
f'ret 1)ath of 61-kt'V gralinilas. the litiglit senIsor. Iloii~flhtr4o It from tIt(' mint' senso5r to (Ilie
nt'ar'st s4)lidl mater1ial, he that material (lie, true soil srimi4'e or be4 it at driedi lca'a or blade
o)Igas al)o%,(- flit- surf-jace. Th'is appro-4achl also rt'quircd thlat a calilbrationl hpr4)4'ctlilt' be
4-arrittI oi( 1)(4'ore (lit' tecll4'4t-. 44)414 Ibe itiliit'dtl. all .ilic'414 soil ye

:\It txwarilieit'zi,i1 s'au--hlihiad an~d eft'etrtliit's pac'kage' illio'u)or-atiljr1i. thi litigjlt-

1hft'c4riplti4)t of this systo iii ailtl fit' rts~ldt.-ý 4)1 ttsting will be' foiiiiol ill st't'toii IN',
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17. Contract DAAKO2-72-C-0619. The purpose of this contract was to develop
iui experimental mine sensor capable of locating M-14, nonmetallic, antipersonnel mines
buried at operational depthis in reasonably organic soil media. To this end, the contrac-
tor, the Industrial Nucleonics Corporation, was constrained to utilize an uncollirnated
source and a collimated detector. Effort under this contract centered on two problems:

1I) developing a detector collimator which would maximize the target signal, and
(2) devising a height-compensation technique which would enable field utilization of
the otherwise extremely height-sensitive uncollimiated-source. - collimated -detector
geometry.

Thel test setup utilized for this contract consisted of a wooden box, 6 feet by
It feet by 8 inches deep, which was partitioned into four comnpartmien ts. Each comipart-
inent containedl a (different soil type: sand, ro)adbed1 (rock and clay), hiumic, and grasa-
coveredl humic. None of these soils htd appreciable iron content (i.e., the Z contrast
between the soil and the mine was not urnusually high), and all were wateredl periodically
to assure normal moisture content (1(0 to 30) percent by weight). The liuznic soil con-
tained 12.6 percent organic material (conibivition loss, dfry weight); the grass, in the
g'rass4-covcrcd hitunic section, was necver cut, resultingr in an extremely lush ground cover.
A mietal I raine surrounding the. soil box supp~ortedl tIit(, transport miechanismn. This muech-
anismn porinitiIted hle senisor to be reprodlucibl 1))'(AtiIioned (± 1 /16 inch) aniywhere a bove

the soil I o x inl all three dIimen sions. Sec Figure 41.

Ini order that I lie detection cl aractoristics ol' the mine -wensor remnain stable
over a uisable range of' op)eratinig hecights, iniitial effort tinder this contract concerned the
developinen I of a (letector colljmiator whichi would enable the mnaintenanceit of' mnaximnum
Ri. valuecs for ani NI1-14 uii ne as, the sensor hicighi was varied Iromn 21 to 5 inchels above the
soil surf'ace. Th'lis was accoimplislied bNfbrical iig :I kreadboard 5(cii5()1 tiiilizizig the(
Lillilolli,,iiat('(l-Sourec. (,(IciliaiLted( detuctor ge,)ZIIetiv 0(q: 2.3 irichiv'N) aiiil byN using" simlple
righti *cvindrieal collimators of' variable leng'Jli (hialt'-aiiglv). Figure 412 shiows h. valuies
obtainied with this arratiginient as a function of sensor height. On the b.asi s of F I I(54'

dhata, it was Ilectnriniziedlitat a hadf-angle of, ,A, both filaxiltiiz'/d( R and( mlaintained at
relaiclk--N constant value of, hR over a 2- to 7, iteli operating ranige. l;xperieni~lts also were

1terforiiiei whiereiii I vaities were obtainecd at variouls positions over tile tar-get ;I! IIIe
sen1SOr uoe ailong a diameiter. liesiults ot one( such vxperiinwnt, for the( 5.1, hialf-angkle

(olhi itiafor. are siiowii ill 1'igii~t. -13. D)istance IiicastiricIi('ts at-e fi-oit, tlie (eneitr of' d ie
tIlilic to tit(, vIiter(4 If te colliniator. NOte that twiaxiiinuii Hi. o(. -iirs Mien thii' targyet Is

i.. ofI lit lie xahuae ill its-lf'. siticv, for a I -iih-imitrdetector, Othis would mevan 1usilng a
ihit1i 1i1iits I 14(11 loll. HI4w v%.v, liii perl'o-Inliane 41w~ratcnist (5 of' this vollinlia-

1- 1.,( 1 t, -v 't a )I I(' I )I II IitI Icc (..1 Ii;IItI II( de ip I o ' t I ) c 4( iltI v)
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collimators. These criteria were satisfied (arid, indeed, slightly surpassed) by a 1.5-inch -
long multiaperture collimator with holes of different diameters. See Figure 44.

It shioull be emphasized that the development of a mine sensor for which It
is independent of hi does not imply that O'will be independent of hi or of soil type.
Figure 45 shows the It and soil.type dependence of 0 for an uncollimated.source -
collimnatedl.detector sensor utilizing a slightly dess ideal honeycomb collimator. Since c
is ,wen to bx a strong function of soil type, thl. abrupt increase in 0 resulting from tra-
versing a grassy patch of ground must induce a fals, alarm. Further, unless sonic means
can 1W found to ,.,mnpensate for 0 changes duei to small It flue'htuations, no viable mine sen.
sor can result, 'l'ls brings us to the stcond major problem undertaken ill this contract:
devising a rcalisfic height.comnthsmition, techimique.

ILik TNkI) ('T'exas Nuchlar i)ivisiom), IN (Induhstrial N ucleonics) unmdertook to
investigate several height-deteetion te-chniques, namnely: betLa backscather, gaimma back.
scatter using an uncollimated source and all unt'iollimated detector, aid K.-,dge filtration
of the gamma backscather intto a colliimated hdeteefor.

ThIe bela-backs'atter stludy was conducehd first using umi'ollimahed '08r/
"" Y and 8' Kr sources and a collimate'd Nal ('T) ilvtector. Counirate, is t I'fiuiiioin of

sensor height was determinvd for each otl' Itlie four soil types. IResults of' tliev, mevastur-,
ments are shown ill Figures 46 anld 47. Note lhal, for eacgh soil conmilition, the' vomit
rate is found to reach a maxinmin for hi . 1.5 inclhes and OIw n to fall olf rapIidly its 1h ill-
creases further, 'rlmes resultls are in qualitative, agrecmnt with those obtllaind by 'lNl),
and, like those ohl' f Nl, could be used as ii basis for a heighlt.evmmpcnsimleld d(thcltor, pr().
vided that we are willing to accept tile rveiuiremeit 1hal the detector be recalibrated for
each soil type cmi'ount'red. (Note tlh chamnge ii comllmitrate wilh soil type ii l, igui'cs ,1,0

anLd 47.)

Utilizing an micollimaled gammila detechor prioved to affol'rd Li simmiple Ini('s (1I'
height compenmsation, provided we are comcerned only witlh changes iii defector elvhvii(ui
above a level soil Flane.v l"igrve 48 shows the results of this phasi' oh the vfl iurl. Note
lhal although coumitrath may he seeil Ito be fiunelitmoli of soil typ'h as wvll Us of se'iisor
heiighlt. this wa.s coisidered a,, advantage in this case, since Itle comnilraht, of the millC
se1nsor varies as a functioti oh' Ihe sarie soil variables (i.e., p and < Z > ). I lowever, lor

this technique, til height senso- r reads ith avcrage height above it large area ofl' t(e sur-
fa ce. Since thi cuuntrate of thl minile senlsolr depends onl its hvighl aLbve, 4L small (mine.
sizv) patch on thie surhiace,, it smLall niounud of soil would yield a ialm, signal, and a illiui
depressed below Ihc surlface would rio(t be detechtd. For thesl re'iasons, no h'frt ." tITrl

was expelnded onl t1iis t(ehiniqluc,
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The filial ttechrioque investigatedI inivolved the use, of rare-earth filters.Th
theoretical explanationi of this techinique may be found in paragraph lI I and~ will riot
be repeated here. Three filters were tried: Sin, Ell, and Gd, which have K-dges at
46.8, 481.5, and 50.2 ke V, respectively. I owever, since no attempt was made to opti-
inize filter thickness, filter placement, or source/detector separation, anl(I since optimnii-
zationi of all of these parameters would be, requiredI to fabricate a fieldable detector,
the results of this investigation can be saidl to have established1 only concept feasibility.

Figures 49 through 51 show the chiange ini detector countrate as a function of
height with and without each of the three filters anid with alld without an NI-I 14 mine
in sand. If the eddition of the filter achieved its dlesired] result, a change, in the slope of
the countrate-versus-height curve was to bie exp)ected. As mxay be seen fromn the figures,
significant change in slope was observed1 only for the Eul filter. Counsequenitly, all further
studlies were conducted with this filter.

Figures 52 through 54 depict ,ounritratte-ve.r~sus-hteighit carves over the three re-
maining soil types (roadbed, hunnmic, and grass-covered ihunije). Note that, as e xpected,
the slopes of the filtered arnd unfiltered curves continue to (differ for all the soil ty pes.
Unfortunately, the slopes of both the filtered andi unfiltered cuirves do appear to vary
slightly with Laoil type, whlich, inl turn, mnakes this technique of height comipenisationi
less thani idIeal. Nevertheless, filtration was considered the most promising height -

Compensation techiruque lidi was, there fore, impllemeneted in ali e xperi menital senisor
head. Results of tests w .1i this hevad will be f ounid in section IV,

IV. D)ELI V EILE) HIARD~WA RE

Thel( p~urp~ose. of this secti on is ito brie fly describ~e signiificarnt end i teins de livered
under the con tracts (discussedl in se.ction III anid to presoniii, in anui i iclassi fied coniitext,
thec capabilities and li mit ationis of ea ch.

18. Experimenietal Vehaicle-Mounited X-Ray lBackscat ter D~etector of Aiitivehiieular
Mimes, This dectect (r was designed and fabricated unidlr Con tract I)A AK02.6')-C .0263
withi the Nu~clar-Chicago Corporaliomi. Nlitor muodificationi and u xlcuisive lestizig of' (his
detector were carrie~d oilt under C orntract )A A K02.-72-( -027 I , also wit hi Nunclear-( hiicago.I
Relsults reported here are extracted from the [inial Report of this hitter conltrdct.ý"

a. lDescription. 'Il'hie defector emiployedl geomeitry (b), utiliziug Iwvo I )uilve
Z~-141 X-ray ',ulis as tie source andl four he(rmeitically. sealed (>1 (RI) s.cirtiillators

:1 W, 1) MiSc elIII., Test and EtrliauiOn affs V' hic.Ie-Affmilled 1 Irxpe~rilsI'lltaJ I 1,xjPhdAhe~ S~if*yste'n Uing~ X flaY
Ikjckiatymr 7Tu1hnidli"P. (OmifidenI ial Final tixr Rv ntO rmar I) DAAK0(2 72 -(>1271 (Juy19ii' I73).
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coupled to RIA 6199 photonnultiplier tubes as tihe radiation dcetietors. The system
could be mounted either directly to thc front bumper of a '/4-ton truck (Figure 55)
or at the end of a 7-foot boom sup)ported by a low-pressure tire. Power was supplied
lby a Ilonda Model 1 5O01 motor/alternator set. Foi evaluation purp)oses, a Hloney-
well Model 2206 Visicorder Oscillograph was employed to record data from all four
detectors and a tachometer simultaneously.

Figure 56 is a closeup of the scarchlicad. The X-ray tubes were mountedl
horizontally in the long aluininumn tube visible below the support frame. Beam collima-
tion was provided by internal litharge sections and by lead shtet wrapped around the
outside of the housing. Positive high voltage was applied to the tube anlodes by cables
entering at chL e icd, and negativc high voltage to ihe cathode and filaient power were
suppjlied by ia cable entering the hioutsing from the to1 ). The dielectric-oil coolant entered
II'tt tube housing from both ends. flowed around the tube anodes, and exited through the
celnter top. The oil punip and cooling fan were housed in the aluminuini box to the right
of the tearchlicad showii in Figure 56. Iligh-voltage (IIV) power supplies (I il)otronic:,i
Power Packs Models 80lll amld 801IN) were contained in the alurninuni box to the left

of the scarehhead, along with ia small cooling faii. Each unit supplied tip to 80 kV aind
nmA continuous. Since the X-ray tubes were operated in the center-grounded mode,

each ilnit supplied half of the total high voltage. The emission control Unlit, fit(e large
aluminu n can siiated behind the X-ray tubes in Figure 56, later was repheced by all
oil-filled uillti situated Oln top of the IIV power supplies. By sensing the turrent drawn
biy each tube from the negative IIV supply, the control unit continuously aidjusted fila-
niwint power to give a constalit X-ray-einission level (usually 1.2 miA it 135 kVp, con tin-
uous). The Csl (HT) detectors, situated in front of the X-ray tubes, were mountied in
lead shields to prevent the feedthrough of direct or single-scatter radiatioii. (Colliniation
was provided by) -inch-deep by 0. 1 .inch-.iquarc lead honeycombs and by a 4-inch-long
annular shield inounted below lthe hioneycomn is. Each detector viewed a circular area,

"4.5 inches in dianmleter, oil the soil surface at a noiniial )perating height of 15 inches.

The reCtanlltulai ohjtcl ait the front of the scarchhead was a mirror which permnitted I the
'ehicle oelratoil)r to view the soil uider the searcliliead.

Fiiire 57 shows the service control section (behind driver's scat), ihe

cle( lronics scwition (to the right oif' tIl driver's seat), and (ith, recorder as tihey were

iiounited in ithe '/4-I'i lrltruck. ']'hle service control ,,'(iion distribtuild piower fron' :hc I
iliotor/aterialtor s- (moioinited on the rear humnper) to(i lihi reimainider of the sy wtein. 'I'he
clectroniics sect ,le contained the high-vollta2, sulpply for the piholointultipllier tulr-s alotig
with four indeeliitden data cihanniels and Ihe tachoniot'fr. Eachi data c'liliinle consis'ed

of'a low-noise, gain-controlled apnlilifier; a single-c.,hannel analyzer; aInli a variable-tile-•,.
constailti (25 to 1000-.ins) rateuiheter. (O)uit pults from the rateliehters anid lacihoinether wvere
recordieldi on the strip-chliart, recor-der miounted ai lI lie righii rear.
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b. Teat Conditions. In order to asseso the performance of the vehicle.
mounted system for various soil %ypes under near-real-world conditions, tests were con-
ducted along dirt roads at five Government facilities: Fort Hood, Texas; the Mississippi
Test Facility; Eglin Air Force Base, Florida; the Jefferson Proving Ground, Indiana; and
For'. Belvoir, Virginia. Tests were conducted over a 3-month period, from February
through May 1973. Targets for these teste were simulated M-19, M-15, TMDB, and TM-
60 antivehicular mines. (TM-60 mines were employed only at Jefferson Proving Ground
and Fort Belvoir.) All targets were filled with DNT and emplaced in accordance with
accepted military practices as outlined in FM 20-32 and TM 9-1345-200. Soil density,
depth of emplacement, and the approximate density of the soil replacedbover the target
were recorded. In addition, runs were made along dirt roads in w'ch no targets were
buried in order to gauge the inidence of false alarms and to determine their origin.
Source/detectoi separation (q), search speed, and ratemeter time constant were para-
metrically varied in order to determine optimum parameters for field applicati, n. The
range of variation of these parameters is shown below.

Rang of Variables for Field Tcsts of Vehicular System

Variable Range

q (In.) 4.75; 5.75; 6.75
Time Constant T (ms) 50; 100; 150
Search Speed v (ft/s) 4; 10
Operating Potential (kV) 135

Based on this study, it was determined that q = 4.75 inches, r = 50 ims, and v 4 ft/s
represented the best combination of parameters for field testing against antivehicular
mines. Higher search speeds would require correspondingly lower values of 7 (see dis-
cussion in paragraph 19c).

c. Test Results. Figures 58-62 depict the results obta:.ied at each of the
five test locations, setting q = 4.75 inches, 7 = 50 ms, and v = 4 ft/s, with the search-

head coupled directly to the front bumper of the ¼-ton truck. In each case, the peak
value obtained as the searchhead passed over the target is the center of the crosshatched
region at the top of the data bar. The width of the cro.sshatchied area represents a ± 2 a
variation about this peak value.' For comparison, the average background level, also with
a ± 2 a variatio%, is shown next to each target return. These figures show a rapid de-
crease in the target signal as emplacement depth is increased from 1 to 3 inches; there
is a comparatively smaller decrease from 3 to 4 inches. At no time did a target disappear
entirely. The Russian TMDB presented the strongest signature, and the Russian TM-60
the weakest.
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Although the test results, as presented here, appear to be extremely pro-
maising, they may be misleading in several important regards. First, the systemn was tested
in areas known to be free of false alarms (e.g., buried organic artifacts, near-surface tree
roots, etc.). Separate searches were made of roadways similar to and in the neighborhood
of the rest area in order to assess the expected incidence of false alarms. A false alarm
was considered to be a point in the background (no target) trace which exceeded the nor-
real background level by a certain ratio (R). Consequently, the number of false ,larms
encountered per mile of search was very much a function of the minimal R considered to
represent an alarm. The higher the thresho!d, the fewer the number of false alarms but,
also, the lower the probability of detecting a target. For example, Table 5 shows the
probability of target detection and the number of false alarms per mile as a function of
this threshold level for various targets and target-emplacement depths, given the same
operating parameters used in obtaining the data shown in Figure 58. Thus, if 26 false
alarms/mni are permissible, then antivcti',alar umines may be detected reliably when em-
placed at a depth of 3 inches but not at a depth of 4 inches. If only I false alarm/mi is
permissible, then mines may be detected reliably oily up to 2 inches deep. It should be
noted that the erntries in l'able 5 were arrived at b)y an inspection of the strip-chart re-
cording. No attempt at signal processing was miade. Since a mine produces a spike of
characteristic duration (as a function of search speed), appropriate signal processing
should signific antly lower the false-alarm rate.

'Table 5. False-Alarin Rate and Mine-l)etectioi Probability as a Function of the
Minimal R Value Required to Triggcr an Alarm

Probability of Mine Detection
''hreshold M- 19 li-values TMDB h-values 'l'M-6') h-valths Alar"sMil
It-Value (In.) ___,. _ _,. _Alarms/Mih

1 2 3 4 I 2 3 4 1 2 3

1.1 I I 1 I I I I 1 1 1 1

1.2 1 1 1 1 I 1 I 1 1 1 1 277
1.3 I 1 1 0.7 I 1 I 0.7 1 1 1 26
1.1 1 I 1 0. 0.2 I 1 0.9 0.2 I I I 1
1.5 1 0.4 0 1 I 0.5 0 1 1 0.8 1

NOTE: [ l) a taken at .IJefferp'n Proving Gro tji , Indiana, with q 4.75 inhlies, v.- 4 I1/s and 7 551) is.

Sc. vowl, the test areas were cornparatively level. Alt hough geoometry (1)
is r(laliveNh, i•,i-li, -insensitive (cormparted to geomn" ries (a) and (c')), it is kti.)wvthat deep

nits (or olther dcrc:;sn,(ions) ol' widlh (:cmparable to a mine diameter will pro(htlve false
ailarms. I lowe.er. 110 Iesis were iperformed to quantitatively assess this r-obleni.

Third . the I'st areas were citler fr,-c of stirfacc vc~gl alio (Jefferson
Provntog (;rminu d md Vort Belvoir) or covwred with inied'rahe v'g'e•i(tlion (1"ort Ilold,
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NMississippi Test Facility, and Eglin Air Force Base.). Since it is known that dense vege-
ration will significantly lo%?Per R over a target and, if nonuniform, provide a potential
source of false alarms, results obtained along roads cannot be extrapolated to operations
across fields.

Finally, and perhaps most importantly, the signal obtained by the search-
head is partially a function of soil density. Data presented thus far were obtained by
emplacing the targets according to standard, Army procedures; in this case, this resulted
in the soil above the mine being recompacted to approximately 75 percent of its original
density. 'Further tests by the contractor demonstrated that if the soil could be recom-.
pacted to its original density (which was not always possible), half the signal obtained
from a mine emplaced at 3 inches was lost and that a mine emplaced at 4 inches dis-
appeared entirely. (No significant signal loss was noted for targets emplaced at 1 and
2 inches.) Consequently, it must be concluded that mines emplaced at depths of 4
inches or more and which have "weathered in" will escape detection by this system.
Further, in areas where mines have beet. freshly emplaced, the enemy could generate
false alarms for harassment purposes by digging and refilling holes.

• d. Conclusions. In these tests, the vehicle-mounted, X-ray backscatter sys-
tem, was demonstrated to be capable of becoming a practical field device capable of

Snonmetallic antivehicular mines emplaced at depths of uv to 2 inches along
dirt roads maintained in reasonably good repair. It also was demonsti.dted that mines
freshly omplaced in dirt roads at depths r ý 3 inches or more could be detected reliably
with a reasonably low incidence of false alarms, provided that the mine emplacements
are the only holes dug and refilled along the roadbed.

19. Experimental Man-Portable Detector of Antipersonnel Mines (Coaxial Geome-
try). This detector was designed and fabricated under Contract DAAK02-71-(,-035))
with the Nuclear-Chicago Corporation. In total, three complete detectors were fabri-
cated. The first such unit utilized 100 mCi of 141 Am per detection element; the latter
two units utilized 300 mCi of 241 Am per detection element. Test results reported here
were obtained at Fort Belvoir with the first-delivered detector.40

a. Description. Figure 63 shows the scarchhead, electronics package, and
associated hardware. Figure 64 shows the system in use at the Fort Belvoir Mine Lancs
Test Facility. Note the three cylindrical housings mounted on the base plate of the
searchhead. Each of these housings contained a 1.5-inch-diameter by 0.5-inch-thick,

40 Because of ihe degree of collimation required by the wearchhead geometry, the surce surface area could not be
increased. Since "4 1AAm has a low specific activity a~r a low gamma-ray energy, increasing the source activity
by a factor of three increased the gamuna flux at the P.perture of the source collimator by les than 50 percent.
Consequently, the performance manifested by the f .rst searchhead was not significantly different from that
manifested by the latter two searchheadp.
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Figure 64. E~xperimnental Man-portable detector in uea otSior 36
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(:sI(T% sintillator c'oupledI to anl RCA 3 10161F photornultiplier, all 241A ure(nib
case, 100 miCi), and a combination collimiator/scatter shield (sce Figure 36). Ini adIditionl,
lead shields were positioned along part of the interior of fthe cylindlrical housings to pre-
vent crosstalk be~tween detection elements. Tfhe meter, visible at the rear of the( search-
hecad in Figure 64, was omnitte(I from thle latter two (detectors, leaving only the aural
readIout. The searchliead wIas designed to operate at a height above the( soil surface of
fromi 1.5 to 3.5 inchies, cliearing a swath 6 inehe iwide (2 incdiem per detection cllement)
with a lateral scan speed on Owe order of I ft/s.

T1hu clectrunicis package contained the batterins. file htigh-voltage supply
for the phsotomultiplier tubes, three linear amplifiers, three discriminators, three
varii~ble-time-constant ratenmeters, mid dhe alarmn subsystem. Thel( alarm subsystem pro-
vided an audio signal to the earphiones: the frequency of this signal inecrased with the
output of thle highest reading ratemeter. Ini addition, jacks were providedI to enable. tile
recordIing of the three ratenieter outputs dlirectly.

b. 'rest Conditions. Tests were conducted in anl ivorplinie clay test lane at
the Fort Belvoir Mine Lanes Test FaciI~y. The comnpositio (m A the soil was 72 percent
SiO2 , 20 1,ercent 1"(! 2 0)3, r) percent organic, andl 3 perc.-mit I112 0; '<. Z > -2- 12 (see T[able
2). For purposes of these. tests, the detector searefibead w:,;s ,,,;;w.1ied to a wooulen (folly
Isuspended onl tracks ab~ove the test lane. Using the jacks pro~vm,: r. oii the (".et~txonics
package, the ratemneter output fromt any one( dletection element was reco'teu. onl a f lew-
ledt Packard Model 3"21 strip-chart -ccordler. Search speed was measured biy 'lividirig tile
distance traversedl by the total 1 imne expended. Holwever, because hesc I o e(ol
vam~d gre.atly from point to; point for the( same setting of the speed control, (huese figurk'.:.

shiould be considered only as average, speeds. Similarly, althoughi the surface of thle test
laewas niominally level, thle figulres given for detector [heightI also shiould( be, considered

to be averages. Targets for these test~s conisist ed of' M-1I 4 Lifltipjersoimicl -nine cases filled
with I mm, ., of I)NT and of mockups of PM N (USSR) and 1P-I1MA- I (Yuigoslaviani)
anrtipersomn el mnio es. Thel( foreign mlinles Were f~abricated in -house from drawings inl
'IM 5-280h (Foreign Mi ne Warfare Equii lmu(.tit ) arid con formed to the(. originmals in size,
geomie try, total weight, and1( weight of the highi-cxplosiv" chiarge. DINTYI was used ili place
of TlNTl, and tine balance. of Ifhe minie was construceted of ILucilIe and( epoxy. See, Figure
65 and Tlable 6. All targets were emplaced in a straight linev along the eniterlime of' Ihev
path of one (lelectioni velcicnt .The NM.14 rinines were emiplaced al 0 anid 0.5 ini(vb; the
P-lNl A- I and PNIN inines were c niplaecd at 0, 0.5, andl 1 .0 inchi. Ini addi lion, mni lies WilIli
no 1)N 'I fill, e muplaced flusi Witlli lie suirface, allid an erupt y MI-215, Witlli its presstrrrr platIe
above tile surface, were inserted into thec test line. Tlhre beginning arid enld of tIre test
line were identified, res[ectively , by the signals produced by) a IDNBb 11)1 k anid a bar
t~itfin (UK emlace flush ,vith ftire Snirfanee.
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Table 6. Specifications Utilized in Preparing Mockups of Foreign Mines

Weight Main Charge

Type Shape Dimensions (Ounces) (Ounces of TNT)

PMN Cylindrical 4.5 In. Diameter by 19 8.4
(USSR) 2.2 In. Deep

P-PMA-1 Rectangular 6 In. Long by 9.8 7
(Yugoslavia) Box 2.6 In. Wide by

1.3 In. Deep

c. Test Results. Figure 66 depicts a sample run made with the detection
element centered on the test line at a height of 1.5 inch and the ratemeter time constant
7 = 100 ms. The legend indicates the order and nature of the targets in the test line.
The test results shown here are representative of the performance of this detector.

Although the signal levels and signal-to-noise (S/N) ratio for specific targets could be in-
creased or decreased by varying the test parameters, no target buried deep enough to
escape detection in this trace could be discerned in any other test run. In each instance,
the mines emplaced at 0 and 0.5 inch were detectable, as were the empty PMN and M.14
mine cases emplaced flush with the surface and the empty M.25 mine case. In each in-
stance, the PMN mines yielded the strongest signal and the M-14 mines, the weakest.
Neither forL . A mine emplaced at 1 inch could be detected.

Parameters varied for these tests were scan speed V, ratemeter time con-
stant r, detector height h, and lateral displacement of the searchhead. Figure 67 illus.
tr, 4.2s the effects of varying 7. The portion of each trace to the left of the heavy, vertical
line was obtained with the detector stationary; consequently, the signal fluctuations
shown are due almost entirely to statistical noise. Note that as r increases, the ampli.
tude of these statistical variatons decreases. By visually projecting these statistical varia-
tions across the traces, one may conclude that, given the ideal conditions of the test lane,
no other source of noise is significant. From Figure 67 it also may be concluded that
the S/N ratio for a target at a given scan speed varies with r. In general, the larger the
target diameter, the higher the optimum value of r. From a visual inspection of the
data, it was determined that - 100 Ins worked best for an M-14 and that - 150 to 250
ms worked best for a PMN. 4' Hlowever, since in all cases the M-14 posed the more diffi-
cult detection problem, further tests were performed with r = 100 ms.

41 It can 1e smwn that, in counting random events with a ratemeter, the optimum operating condition for detect.
ing a transient increas in the mean counting rate is achi ".ed when r • 0.8t, where t is the duration of the tran.
sient. However, ;t aiso can be shown that transient detection does not degrade rapidly as r is varied from this
value. 'The reader may readily verify that agreement with this result was obtained in the present case. [K. G.
'orr•es, Detection of Tra rients in Nuclear Surveillance - Countin( Channels, Report No. ANL-7470, Argonne

National I,aboratory (Nov 19611).l
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Figure 68 illustrates the effect of varying detector height. Note that, as
h increases, the S/N a Iio decreases for all targets, although this effect is of greater im-

portance for the smaller targets. Over the desiginoted operating range of 1.5 to 3.0 inches,
thf: S/N ratio for a PMN decreased by 20 percent; whereas, for an M-14 the S/N ratio
decreased by 50 percent. rhe change in the no-mine signal over the soil as h was varied
was far more stable: over the 1.5- to 3.0-iach operating range, the signal increased by
less than 5 percent. This indi'cate-i that minor changes in soil microrelief would not pro.
duce false alarms.

Figure 69 illustrates the effects of displacing the sensor to the left or
right of the test line. The larger targets (P1-PMA-I and PMN) showed essentia ly no de-
crease in S/N for left or right displacenlelkts of at least 1 inch. The M-14 and M-25, on
the other hand, showed marked decreases, for even 0.5-inch displaceements. Since the

design goal for each detection element of the searchhead was to cover a 2-inch-wide
swath, the marked drop in S/N for an M- 14 passing the detection element 1 inch off
axis (50-percent drop for I -inch..right diplacement, 85-percent drop for 1-inch-left dis-
pla.ement) indicated that a target the size. of an M-14 could pass readily under the
searclhead and still not be detected.

In addition to thie tests performed in the Mine Lanes, the detector was
employed ii• tests along dirt roads and in grassy areas of Fort Belvoir in order to assess
the detector's potontial false-alarm rate inder real-world conditions. Although no
attempt was made to record or anal 'vzo. the detector's performance under these condi-
tions, it was clearly determined that operating the detector in areas with even moderate
vegetation resulted in comntinuous false alarms: small clumps of grass always yielded sig-
iials as strong as those obtained for a +uria:e'en.cmtac'•i M-14. The', PMN mine posed a
be Iter target, but even tlie signal fromn this mine cohtld be lost in su fficiently lush vegeta-
tion. ()nly in areas with no visible vegctatiun did the false-alarm rate drop to a reasonable
lwvel, In thIis envirotirmrt, the (detector could reliably dletect PMN minies buried at depths
of up to 0.5 inch , althbough it couldl ýnot reliably detect strface.ýcriplaced M- 14's due to
the limitted coverage of the de I ectio', elmernits.

20. Breadboard Searchhead: Man-i',.,-' able D)etector of Antipersonnel M4ines
(Geometry (b)). This scirchhecad was d">i -t and i'abricated under a modification to
contract l)AAK02-71-(>-0359 with tlhe N uich:ý,-Cnmcago Corporation after p"..liminary
test ing of the previously fabricatcd coaxial ,.(. cý,liad htad r,''eded its deficiencies. The
design objectives of this latter searchiheiad were t-.. ,J'W(: (1 .o enable the detection of
'I :iurfac.e.-e•rplaced M-I 4 mine in, a maodrately veg'tav., ihikm, onrment and (2) to assure
lie dc, tetlion of an M-14i mine passing anywhere beneath k ,.t leearvhihad. The search-

heiad emmployed a 90 Sr/90 Y bea source and small (;Giger-P u," .letectors to effect
hevight cmiipensation, along withi 24' Am garimna sources and r ,•,/a) scintillation detec-
tors for target detection. (See paragraph 16)
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a. Description. Figure 70 is a sketch of the breadboard searchhead. It con.
sisted of six detection elements unequally spaced about a 4-inch-diameter circle.and a
single, cylindrical source collimator/shield placed at the center of that circle. Structural
support was provided by two spaced, aluminum disks; a separate cover plate was pro-
vided to shield the exit port of the source cylinder when the searchhead was not in use.

The spacing of the detection elements was such that, when the searchhead
was laterally scamied, each element viewed a nonoverlapping, 0.75-inch-wide swath.
Each element consisted of a lead-shielded, 1-inch-diameter by 1/8-inch-thick CsI(Na)
scintillator, coupled to an RCA C31016F photomultiplier and placed above a 1-inch-
diameter by 1.5-inch-lovg, cylindrical lead collimator. Aun Amperex 18550 (623) GM
tube was positioned in dhu collimator with the tube axis 0.5 inch below the lower face of

the scintillator.

The lead source cylinder (positioned between the aluminum support
disks), contained four 300-mCi 241 Am gamma sources - each with its own collimator -
and a I-mCi 90 Sr/9Y Y beta source positioned at the bottom of the cylinder. In the
electronics package, four external potentiometers were provided; these controlled beta
offset, beta slope, gamma offset, and gamma slope. Before using the searchhead, it was
necessary to follow a calibration procedure to adjust these potentiometers for the local

soil conditions. (See paragraph 16, especially Figure 37, for explanation.) Output of
the electronics section could be displayed on a meter or remotely recorded on a strip-
chart recorder.

b. Test Conditions. By the time of delivery of the breadboard searchhead,
it already had been determined that, given the theoretical limitations of the photon-
backscatter approach, no mine detector uitilizing this principle would find acceptance
within thc Army system. Consequently, only limited acceptance testing of the bread-
board s•archlhcad was performed.

Tests were performed in the Mine Lanes Test Facility in order to facili-
tate reprod(ucible positioning of the scarchhead and recording of the data. The soil
sample used for these tests, however, was taken as a single block from a grassy area of
Fort lBelvoir. No attempt was made to quantitatively assess the organic and water con-
tent of this sample; qualitatively, it was moist arid fully covered by grass and weeds. The
only target used for these tests was an M-14 mine case, filled with 1 ounce of DNT and
buried flush with the soil surface.

c. 'rest Results. After calibration of the scarchhead over the soil sample,
tests were run at three heights: 2, 2.5, and 3.5 inche•e. (See Figure 71.) Scans at heights
below 2 inches were precluded by irregularities of the soil. Scan speed, although not
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Figure 70. Sketch tof beta-gaimm breadboar(d scardihlhead.
(After Miller, Anasta8i, and Tucker)

109

.~.r



-, mp~ '-i- rwm''r -rr':m ''r. ep••m' •'.. •.....••m, 1' ",x"'•' "h "- .,..,'r•' rz'p""' t ' .." z'7Yfx~ ' ' vr r• r .'• ':' "•iT.fr -•...•-. • r

•kII

M1

h = 2"

M-14

h = 212"

I
M-14

h = 31/210

Figure 71. Test results for beta-gatumrn breadboard surchhead.

110



measured, was extremely low (< 0.5 ft/a); data were recorded only for the detector ele-
mert passing directly over the target.

The S/N ratio measured for the M-14 varied from a high of - 2 at h = 2
inches to a low of - 1.5 at h = 3.5 inches. It must be emphasized, however, that, unlike
in the case of the coaxial detector, the "noise" we now refer to is due to surface irregu-
larity and differences in organic and water content, as well as to statistical variations.
Under identical conditions, the coaxial detector was totally unable to detect the M-14.
On the negative side, it must be remembered that this searchhead must be calibrated for
each type of soil encountered. Figure 72 shows the result of using the searchhead, while
calibrated fwr grass, over a gravel test bed in which a P-PMA-1 mine has been emplaced.
Clearly, variations in the background are prohibitively large.

d. Conclusions. Tests of the breadboard-model searchhead demonstrated
t-At it did meet its design goal of detecting surface-emplaced M-14 mines in moderately
vegetative areas. No offset tests were performed to determine if this searchhead, like

the coaxial scarehhead, had a coverage problem. However, logic (and contractor-
performed tests) indicate that the searchhead did not suffer from such problems (each
detection element viewed a 0.75-inch-wide swath instead of the 2-inch-wide swath in

the coaxial design). Principal deficiencies of this breadboard-model 6etector were its
slow scan speed (- 0.5 ft/s), narrow coverage (4-inch-wide swath), and need for calibra-
tion b•,fore use.

21, Breadboard Searchheadt Man-Portable Detector of Antipersonnel Mines
(Geometry (c)). This scarchhead was designed and fabricated by the Industrial Nucleon-
ics Corporation under Contract l)AAK02.72.C-0619, The searehhead was developed
concurrently with the development of the geometry-(b) searchhead by TND. The major
design objectives for this searchhead were identical to those for tei geometry-(b) search-
head, namely: (1) to detect surfacee-tmplaced M.14 mines in moderately vegetative,

media, and (2), to detect M- 14 mines passing anywhere bencath the searchhead. As a
secondary design objective, it was intenided that the it values obtained by this search-
head for M-14 mines he essentially independent of searchheamd height over tihe+ designated

operating range h = 2 to 5 inches. lheight compensation of the scarchhead was to be
accomplished by lthe K-edge filler technique (se- paragraphs lie and 17), although the
delivered brteadboard detector was neither optimized1 for the implementation of thifs

technique nor capable of the necessary real-time signal processing,

a. Description. The scarchhead consisted of two 1-inch-diameter Nal (T k)
scintillators coupled to 2-inch-diameter p~hotomnulti pliers. (Employment, of 2.inch-

diameter insead of I -inch-diameter photonmiltipliers was a rnistteke on the part 4)f the
detector vendor. The performance schedide of the contract precluded rectification of
this error.) Collimation was provided by 1.5 inch-long, variable-hole-diameter brass
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cylinders (see p)aragraph 1 7). PThe deteetor axes were tilted toward each other so that
both detectors viewed the samei area onl the( soil surface for It 2.r5 iniches. A Llibm VAu
foil was placed inl front of one of tile cylinders. Thei source, 1 Gi of 241 Am, wb~ housed
ill a lead cylinder between the detectors and was shieldied by a spring-loaded lead shutter
when the searchhctacl was not inl operatioti. When tite shuttter was openl, tile source
irradiated the(. entire area below thle scarc~hhea(1. Th~e electronics package for this search-
head was inl the formi of NI M mod tles - high-voltage, supply, linear amnplifier, single-

channel analyzter, and printing scaler/tinier. Outputt from both detectors could be proc-
essed and rec'irded sinititan('ously.

Ii. rest Conditions. Tests were performedI by tOe contractor with (lhe. appa-
ratus anid under the conditions described inl paragraph 7. lit addition, somec very limited
tests were perf ormned at the Fort iBelvoir Mine Lanes 'Pest i~acility utilaizing a l~eve anid
essentially uniform piece of sod over a gravel base as thle test medliumI. The target for all
tests was anl NI-I4-mine ease filled with I ounce, of DN'l. Nil measurements for this
sear('hlie.au were made inl a static eonfiguratioz and with long count times. Consoequently,
statistical variation inl the dat a was not significanit.

c.Test Itesuiltm. It was empirically determined by the contiract or that the,
quantity N 1 2 IN2 (where N, and N 2 arc the total number of counts obtainedl by thle
filtered and unfiltered detectors, respectively) repiresented a good figure oif mierit for
target detection. It must be emnpoiasi-e-l, however, that thle searcldread was not opti-
mized for height compensation and that this figure of' merit was not the result of anl
analysis of signal-processing AnciIttqe~s. F~igures 73l throuigh 76 show N 1/N2 mIN futiv -
tion of position for several values of It for eakch of thec soil types considered (sand, road-
bed, hImnic, and grass-covered liumic). lIn each case, tile axis of thle. target was at 't')
These, figures indicate that an M. -I4. coulkd het. doetectd by a searchihead of' this kind over
the ranlge. of It values considered for all soil I ypits exvept the tvrass-covered l inimic. lit this
last case, for constant values of It, the targe~t was clearly discernible . I Ic)wever , I lie cc il ut

rate was found to vary too greatly w ithu searebbead hceight to permnit reliable del ectiouu
in thw field. Without additional efIfort , it cannot i be (Iclermninecl if the( target -mask ing
effectAS of insutificieuit hleight (ounl1pensatdion could be~ overcoefoc by better sensor des-igin
or signalJ procedssinig.

TIhie texts perforitedI at l'ort I Welvoir did not at tempt to achuic ye ci
4-miniedisation: the so(d emiployedl was ats uniform and level as, possible, and ouul ." dIiffer-
("uICTS inlie tit(i ufiltered c unt rate, we-re "onsidel-ed. These tests shlowed that anl RI value,

of- 1 .3 was attuiumuole for a surface. enti placed Mi- 14 inl moist sod .

d. (meumcuionls. 'Tests of tlfe geome tr y-() hreathhoarthmodel st-arclhhe-md
demonistrated that an mincolliunated -sourvce - colhi mat ccl-de~tector detsignx cant de ted
surtae(-enijlacech M -1I4, mines inl mc ulcuately vegelIat ivi areas. No mit temipt was macle t
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assess the coverage potential of this design, although there is no reason to expect this
to be a problem. Unlike those for the TNI) searchhelad, It values for the geometry-(c)
searchhead remained esentially constant for It = 2 to 5 inches. This however, was
achieved at the expense of countrate; it was for this reason 1t'at only statih; measure-

ments were made. Finally, the geometry.(c) searchhead demonstrated thý potential
feasibility of utilizing the K edge filter technique to achieve height compensation.
Although by nc means certain, this technique (foes look promising.

V. q'ZMMARY AND CONCLUSIONS

22. Summary and Conclusions. X-ray and gamma-ray backscattering have been
examined from theoretical and experimental viewpoints, and observed results have been
explained. Development and testing of experimental detcetors using these principles
have been described. Inherent limitations of the backscatter approach have been iden.
tified. Principal among these limitations are the limited penetration depth of photons
of useful energy and the sensitivity to naturally occurring low.Z mnatcrial-:. (especially
vegetation). It is concluded that these limitations outweigh the capabilities of the
backscatter approach when viewed from a practical military standpoint.
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APPENDIX A

MONTE CARLO CALCULATIONS

In June 1969, personnel of the Nucle•o Effects Laboratory (NEL), Edgewood
Arsenal (later part of the Ballistic Research Laboratories (BRL), Aberdeen Research and
Development Center), undertook to perform certain Monte Carlo calculations in support
of the photon.backscatter nine-detection program. It is the purpose of this appendix to
discuss the nature and results of these calculations as they relate to that program. The
basic Monte Carlo program utilized in performing these calculations is available from
Oak Ridge National Laboratory. Al A2 A discussion of the correlated sampling tech-
Iittue employed by NEL may be found in a BRL report.A1

For purposes of these calculations, the following physical model was employed
(see Figure A-I): A disk of dinitrobenzene (I)N B), 9 inches in diameter by 3.5 inches
thick, was emplaced at depths (d) of 2 and 4 inches in a dry, homogeneous soil medium.
Chemical composition of both l)NB and soil are shown in Table A-i. A monoenergetic
photon flux at energies of 70,130, and 200 keV was assumed normally incident within
a 1.75-inch-diamneter circle on the soil surface, the center of the circle being on the axis
of the buried DN B disk.

Given the above input parameters, the computer generated the following data for
two cases (target present and target absent): the number and energy of photons (per
incident photon per square centimeter) backscattered from the soil, normnal to the soil
surface, within the radial (it) intervals 0 to 2, 2 to 4, 4 to 6, 6 to 8, 8 to 12, 12 to 17,
i 7 to 22, and 22 to 28 cm. (it = 0 corresponded to the axis of the target.) Note that
this model corresponds to :i w'rtieally collimated source and a vertically collimated

S. K. P'enny, 1). K. Trubey, and M. BI. Emmett, OGRE, A Monte (arlo System for Gano.-Ray Transport Studio,
InciludW an Exurnple (OGRE.PI) for Trarntinsion through Laninated Slabs, ewport () RN L-3005, Oak Ridge
National Laboratory (1906).

1). K. Tribey and MI. B. Emmett, OGRE-G, Ait OGRE System Monte (;irlo CGode for the (alculation of Gamma.

Ray Dose at ,1rbitr~ry 11ofrus in an Arbitrary Geometry, Rlteort ORNL.t'IV1212, OJak Ridge National Labora-
tory (I1966).

A: W. A. Coleman, (kculatiou ,m ut,• Sensititity of the X-Ray Field Blackswtitered from SodilDte to Subterranean

Alateral I)ifferencm, Reporl ItRL--I-1537, itillistie ltwsarch Laboratories (1971).
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detector, i.e., geometry (b), (paragraph 6 ).A4 (See Figure 7.) Results for E° 130 kcV

and d ( '2 inches are shown in Figure A-2; results for Fo = 200 ke V and d = 4 inches
are shown in Figure A-3.A 5 A6

Table A-I (Chemical Co nposition of I)Ni and Soil Used for
Monte Carlo Calculations

Element Soil (g/cm 3 ) 1)N 1 (g/a 3 )n

11 0.0195 0.0343
C( 0.1378 0.6171
N 0 0.2400
() 0.5616 0.5486
Mg 0.0026 0
Al 0.1872 0
Si 0.2626 0
Ti 0.0091 0
Fe 0.1196 0

Total 1.3 1.44

In Figure A-2, a maximum may be scen to exist in the 80 to 90-kcV energy bin for
all values of It, the relative magnitude of this maximum decreasing as It increases. For
It = 0 to 2 centimeters, antd probably for t = '2 to 4 centimeters, the major contribu-
tion to this maximum comes from single scatter, which, for these small It-values, is not
geomnetrically excluded. ( . = 86.16 ke V.) The continued presence of this maximum
for larger values of It may be seen to he due to double scatter, since for this particular
case (0 = 180I) all double-scattered photons will exit the medium at the single-scatter
energy. (The readelr wishing clarification of this point is referred to USAMLERI),C Report
2 0 9 7 A7 ) A similar situation may be seen io obtain for the 100 to 1 20-keV bin in

A4 By requiring that the backseattered photons exit the meditan normia to the surface, perfect detector collitna.

tion has been asumned. For real detectors, however, the solid angle subtended by the detector at the final
scatter point in the medium will vary with the depth of that scatter point. As a result, some lack of agreement
between computed and experimentally obtained results may be expected. Robert (enet, Raff Associates,

Silver Spring, Maryland, private communication (1973).

A5 Although it is customary to present data of this kind in the fonn of histograms, we have elected to connedt the

midpoints of the energy intervals to form simulaled pulse.height spectra. This was done to emphasize the
difference between spectra for the mine-present -mine absent cases.

A6 No spectral data are shown for the E() 70-kcV, d = 2-inch case since the great maj: itv of the baekscattered

photons was found to fall within two I 0-keV-wide enerl-y bins.

A7 F. l,. Itder and I). G. Conley, Coemputi'd iEniergy DLisributiho of )ouble-Scattercd Photons. Obtained for

Purposes of Mine Detector Design Analysis, USAMHR)C Report 2097 (1974).
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Figure A-3. Note that Figures A-2 and A-3 demonstrate a very rapid decrease in the
number of normally b: ckscattered photons as R increases.

Figures A-4 through A-6, respectively, show the increase in backscatter flux
(A 0/0), with the target present versus target absent, integrated over energy, for three
cases: E. = 70 keV, d = 2 inches; E. = 130 keV, d = 2 inches; and E, = 200 keV,
d - 4 inches. Figure A-5 also shows AO/O for each of two eneigy components of the
backscatter flux: 40 to 80 keV arnd 80 to 110 keV.

Figure A-5 appears to reflect experimental results the most accurately: A 0/4 is
seen to increase with R until R a target radius (- 11.4 cm in this case). Beyond this
point, A 0/4 decreases but does not drop immediately to zero. The lower energy com-
ponent of the target signal decreases considerably more ibruptly at the target/soil inter-
face than does the Ligher energy (80 to 110-keV) component, as might be expected due
to the sudden increase in photoelectric cross section at this point. FigUres A4 and A-6
also show decreases in A d,1,0 as R increases past the edge of the target; although these
changes are not as pronounced as in the Eo = 130-keV case.A8

Finally, Figures A-7 through A-14 depict computed backscatter spectra obtained
for the same source and target/soil conditions specified above (for E. = 130 keV, d = 2
inches), but relaxing the constraint that only photons backscattered normal to the sur-
face shall contribute. Note that the ordinate values shown in these figures are no longer
in photons/cm2 , but are, rather, the total number of photons backscattered within rings
specified by their respective radial intervals. Since the area of these rings increases as R
increases, the fluence is actrally a decreasing function of R. Physically, the spectra
shown would correspond to those obtained by uncollimated ring scintillators with 100-
percent efficiency. As a result, detector response is no longer independent of height, and
each figure corresponds to one ring detector varied in height from 0 to 18 inches. These
figures demonstrate that, for this geometry, (1) countrate varies as a function of detec-
tor height, and (2) A 0/0 values are very low compared to those obtainable with geometry
(b) and vary with detector height. It should be rioted that the collimated-source-
uncollimated-detector geometry was never investigated for mine detection and that these
computational results only reinforced our intuitively reached conclusions.

A3 A word of caution is in order in interpreting these results: because Monte Carlo computations consist of follow-

Ing the histories of indi"idual photom', statistical erroes are often significant. (Each of the cases discussed re-
tulted from the comp:.aion of 10,000 photon histories.) As a result, the lower the total number of photons
scattered to a given radial interval, the higher the statistical error in that number. Thub, for example, the percent
relative standard error for 0 for Eo = 130 keV is 1.6 percent for R = 2.4 cm and 8.1 percent for R = 17-22 cm.
The number of recorded events alo affects the statistical etrtainty of the A 0/0 valucb; but, because of the
correlated-sampling technique employed, the percent relative standard errors generated for this quiantity are still
not ur'easonable. For example, for E0 = 130 keV, the error is 2.5 percent for R 24 cm and 10.6 percent for
R 17 to 22 cm.
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APPENDIX B

STATISTICAL ANALYSIS OF BACKSCATTER MINE DETECTION

Since the emission and scattering of radiation are both random processes, th., ",-nn-
ber of counts observed by a backscatter detector during an interval T can be represented
by a Poisson distribution. For a sufficiently large count, this can be approximated by a
Gaussian distribution, which is continuous rather than discrete:

IP(N)- v'1 exp[- V2 •_)

where IP(N) is the probability that N counts will b'e observed in the interval T if N is the
mean number observed in many such intervals. The standard dieviation o of the distribu-
tion is given by:

for sufficiently large N.

Ii the case of mine detec-tion, let N be the mean number of counts observed during
a time i'T oNer ummined soil, and let M be the corresponding value over a buried mine. The
distribution of counts in each case is shown in Figure 13-I . Not(, that M is larger than N
Imcause the backseattered flux is greater over thei mine. The standard deviation of the
"nine-prmit" 'coutnit is then VM, and the standard deviatiot of the "mine-absent"

count is VN. [I order to detect the mine, it is necessary to establish, at some number
of couunts I,, an alarm threshold which lies between M and N. Whenever anl individual
C0)I1f1t exe-1,, an alarm is given. It can be seen from Figure 1-I that a portion of the
"mine-presen'" distribution lies below L, and that a portion of' the "mine-absent" distri-
butimo lies above L. 'l'hse facts will lead to undetected mines and false alarms, respec-
tively. For reliable detection, it is desired to minimize these overlapping portions of the
(listribu tion curves. Since the ratio H. :. M/N is fixed for a given detection situation, and
since the relative widths of the dlistributions can be narrowed by increasing M and N, it
is possible to obtain mtny desired confideni ce level by the us(! of' sufficiently large counts.
Such a proced(lre is limited in practice, however, by the maximiin counting rate of the
detecetor anid by the required speed of search, as well as by the allowable source size.

It is of interest to determ inc the valie of N, the mIeanl niilher of coulilts over mil-
minicd. soil in the interval T, which is necessary to provide the required degree of
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certainty of detection and certainty against false alarms.

The probability PD of detecting a mine which is present is given by

which is simply the integral of the portion of the "mine-present" distribution lying
above the threshold L. This integral can be reduced to

PD-

where !I is defined as the error function a-Ad is tabulated in st. ndard mathematical tables.

Similarly, the probability PF that a count of duration T (which is sufficient to pio-
duce an average count N) over unmnined soil will result in a statistically induced false
alarm is given by

PF V (p dN,

which reduces to

where 11 is again the tabulated error function.

For a given value of R = M/N, it now is possible to determine the lowest value of
N which will simultaneously produce any values of P. and PF desired. Calculations
have been carried out for values of R ranging between 1.1 and 2 and for values of PD
and PF from 0.90 to 0.9999 and from 0.10 to 0.0001, respectively. The results are
shown in Figure 11-2. Note that complementary PD) and PF values have been coupled for
simplification, although this is not necessary (i.e., cuives are shown for PD = 0.90 while
11F =0.10, for P13 = 0.9 while PF = 0.01, etc.). Using these results, it is possible to ob-
tain an estimate of the counting rate required for a given ratio (R), forward speed (V),
mine size (Q), and degree of coafidence desired. The necessary counting rate C is given'• ~by
-y (* 1.47 (ft/s / mi/h) N (counts) V (mi/h)_

i (•C (cps)
Q (fl)
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For example, consider the case of a vehicle-mounted detector: The ratio R for a mine
buried 2 inches below the surface has been determined to be about 1.3, neglecting dis-
turbed-soil effects. If the mine is I foot across, the desired forward speed 3 mi/h, the
degree of certainty of detection 0.999, and the allowable false alarm rate I per 1,000
feet of forward travel, the value of C can be seen to be abouw 2,200 cps. For a single
scanning lane, if the confidence levels were reduce(] to PD) 0.99 and PF= 1 per 100
feet, the required counting rate would be about 1,200 eps.

Oilier desired values could be chosen for the parameters, and the resulting required
countrate could be found; but, the general result of this analysis is that the countrate
probably should be at least several thousand per second for a vehicular-mine detector.
It must be noted thal although a high countrate has obvious advantages, it also carries
penalties: Higher source strength is required, which leads to greater power requirements,
increased weight, arid higher radiation exposure to operating personnel. In addition,
faster detectors and counting circuitry are required. Clearly, a compromise is necessary,
and the final design must be determined by experinient.

It sliould be noted that this analysis has considered only statistical fluctuations in
the countrate. The effect of height variations and differences in soil composition and
density will be to increasw or decrease the countrate from its average value. For the pur-
pose of considering PD[ Iit should be assumed that such effects will decrease tihe countrate
just at the time when the detector is over a mninr, thus tending to mask the mine's presence.
In considering )F I it should it! assumed that the countrate will be inreased over "inno.
cent" ground, ti:nding to create false alarms. The net effect is, therefore, a broadening
of the "Mine-present" and "Mine-absent" distributions toward the threshold (i.e,, toward
each other) and a consequent degradation of detector performnance. The extent of these
effects could be determined only by field testing,
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